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of the yield point of the material calculated at the
overspeed of 20 per cent above normal.

SCHEDULE OF PARTICULARS TO BE FURNISHED

BY THE MANUFACTURER.

Rotor steel made by :
Rotor forged by :
Tensile properties of rotor steel:—

(a) From end of shaft. Yield point:
Ultimate strength :
Elongation :
Reduction of area :
Bending test:

(b) Tangential test from rotor periphery.
Yield point:
Ultimate strength:
Elongation :
Reduction of area :
Bending test:

(c) Radial test from rotor core.
Yield point:
Ultimate strength :
Elongation :
Reduction of area:
Bending test:

Maximum stress in the rotor teeth :
Maximum combined torsional and bending stress in

journal:
Maker of steel for end bells :
End bells forged by :

Tensile properties of end bell material:—
Tangential test. Yield point:

Ultimate strength:
Elongation :
Reduction of area:
Bending test:

Maximum stress in end bell:
Material used for slot wedges :
Tensile properties of slot wedge material:—

Yield point:
Ultimate strength:
Elongation :

Maximum shear stress in slot wedge :
Maximum bending stress in slot wedge :
Material of fan runners :
Tensile properties of material:— .

Yield point:
Ultimate strength :
Elongation :
Reduction of area:
Bending test :

Material of fan blades :
Tensile properties of material:—

Yield point:
Ultimate strength
Elongation :
Reduction of area
Bending test:

Maximum stress in fan runners :
Maximum shear stress in the blade fixing :
Maximum bending stress in the blade :
First critical speed :

DISCUSSION BEFORE THE INSTITUTION, 21 MARCH, 1918.

Mr. A. B. Field : The development of the alter-
nating-current turbo-generator during the last few
years has been rapid, and the requirements of the
immediate future give promise of demanding an equally
rapid further advance in methods of construction for
very large units. The problem was originally, let us
say 13 years ago, largely an electrical one, but now
that individual units reach 50,000 kw. output, and
with a very possible demand nearer to 100,000 kw.
per set in the early future, the mechanical aspects
largely predominate. We ought then to be far more
ready to accept electrical imperfections (excluding in-
sulation weakness) than to tolerate poor mechanical
features. It is therefore gratifying to find the author
dealing with the subject so largely from the mechanical
point of view. Reading the paper through, one cannot
but feel that the author has sub-consciously had in
mind chiefly 3,000-r.p.m. machines, although refer-
ences have been made to other speeds ; and this would
largely explain some apparent incongruities and irrele-
vancies. The immediate outlook for 3,000-r.p.m.
machines may reach some 10,000 kw. or so per unit ;
but for the coming really large units, the lower speeds
of 1,500, 1,000, and 750 r.p.m. will be necessary. For
3,000 r.p.m. I am entirely in accord with the author
as to the preferable, one might almost say necessary,

use of a solid forging. Indeed, I want to endorse so
much in this paper that I must in the time available
confine myself entirely to points of contention. Many
thoroughly satisfactory machines for speeds between
1,000 and 1,800 r.p.m. have been built in the past,
using laminations assembled on a shaft, but nowadays
machines of such ratings—which are essentially small
machines—would, except in special cases, be built for
3,000 or 3,600 r.p.m., and our interest in laminated
rotors becomes largely historical. Coming then to the
larger and lower-speed machines, our choice of con-
struction lies between the use of a single forging ; a
multiple-part forging, the components being still large ;
forged discs ; and rolled plates. In each of the last
three cases we might have a through shaft, or we
might not. The construction which is most suitable
will vary with the rating. It will also depend upon
steel-market conditions and upon facilities in the country
in question. With the exceptional metallurgical facili-
ties at the beck and call of the author, a construction
will frequently become desirable which would be ques-
tionable elsewhere. I need not lay further stress upon
the point. Those who have been dependent upon
buying large forgings in the market, merely upon a
purchasing specification and inspection basis, will
appreciate the point at once. The author criticizes
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at some length on page 475 a construction which I
described a couple of years ago.* As I was responsible
for the first series of these machines, I should like
to answer these criticisms. I refer to the construction
in which the rotor is built up of rolled plates slightly
under 2 inches thick, without any through shaft,
a construction suggested by Behrend and which I
believe to have been absolutely sound under the American
conditions where it was adopted. Further, I believe
it has still to find its usefulness in this country, not
perhaps for the units of 20,000-kw. rating where it
was first used, and which could be built no doubt by
the author with single forgings, but for the larger sizes
where new conditions are going to arise—conditions
perhaps not yet quite realized by any of us. With
this construction the plates are rabbeted into one
another and into forged, flanged shaft ends, and the
whole structure is held together by four or six bolts.
I call them bolts, but even taken by themselves their

the rotor is certainly under i 700 lb. per square inch,
i.e. it is under i 2 per cent. In view of this informa-
tion it will be seen how misleading is the author's quite
incorrect statement on page 475 that " at the underside
of the rotor the plates are out of contact." His next
two lines are correct, literally, but also misleading.
At each revolution a variable stress is superposed as
he states, but its value is this trifling 1 to 2 per cent.
The author proceeds, that in a 1,500-r.p.m. machine
this cycle of stress is repeated over 2 million times
per day. Yes ! and some of these machines run at
1,900 r.p.m., giving more nearly 3 million cycles per
day ; but curiously enough the rotors have stood this
terrible treatment not for one day only, but for nearly
five years already. The author refers to some form
of plate-built machine which he inspected and in which
he found trouble after 2J years' operation, but fortu-
nately he gives us the rating of the machine, which is
6,000 kw. at 1,500 r.p.m. It is impossible to discuss

Section A-B

FIG. A.

moment of inertia would compare not unfavourably
with that of a through shaft advocated by the
author. They were 4 inches or so in diameter,
on a pitch circle of about 41 inches diameter ; and
thus by themselves, and entirely ignoring the very
much larger compressive areas around them, they
provided a moment of inertia for resisting bending
effects equal to that of a 21-inch diameter central shaft.
And this refers to the smaller rotors (1,800 r.p.m.).
If the bolts were quite loose, the stress in one of them
at the bottom of the rotor, just to prevent the rotor
plates from opening, would be 4,000 lb. per square
inch, but the initial stress applied to these chrome-
nickel steel bolts was 10 times this amount. Even
this statement is quite unfavourably misleading, because
the variation of bolt stress in an entirely loose structure
is radically different from that in a solidly tightened-up
one, as will be evident upon a close examination of
the problem. It may be conservatively stated that
the variation of stress in these bolts upon rotation of

* Journal I.E.E., 1916, vol. 54, p. 65.

the case without some information upon it, but I do
know that no ratings anything like as small as this
were built along the particular lines to which I have
been referring. Returning to the question of fatigue
in the bolts, I believe my statements have already
adequately dealt with this ; but if we turn to the later
construction even the hypothetical argument fails.
The bolt shown in Fig. A, although parallel and a press-
fit in its hole, has a cross-section along 85 per cent of
its length somewhat less than that at the root of the
threads ; there is adequate provision for its centrifugal
force to be accepted by the rotor body ; while in a
circumferential direction we have the full dowelling
action as before. The bolt is pressed in, and keys
are provided to take the torsion at the end from which
the tightening is done. A little convenience in the
shop assembly is gained by the special type of keys
shown, which cut their own shallow keyway, a few
inches long, in the rotor material as the bolts are
hydraulically pressed home. This avoids any necessity
of twisting the bolts, as they are being pressed in,
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to line up the keys with previously cut keyways. The
author refers to the critical speed, and mentions a
point I drew attention to previously as a theoretical
deduction, namely, that with such a construction there
is no true critical speed. I may repeat that this was
a purely theoretical deduction of mine, as the machines
referred to have not been run up to their critical speed,
which is above the running speed. I must protest [
against this statement at the bottom of page 475. !
It can be indisputably demonstrated that the deflection I
of such a built-up rotor must be the same as that of |
a solid forging with the same slotting and venting,
as long as the compression does not vanish on the
lower side, and the stresses remain within the elastic
limits.* If my statements and argument above be
accepted, then this paragraph of the author's must be
abandoned as incorrect. In general, this plate con-
struction is not a cheap one. Wth the relative steel
prices in force five years ago, it was costing practically
the same as for the solid forging method. It does,
however, give a rotor in which the quality of every
cubic inch of steel is known, and in which the only
initial stresses are intentional ones. The advantage
of eliminating all the unknown internal shrinkage
stresses of the rotor body is obvious. At the bottom
of page 478 the author hesitates to recommend a single
forging for the largest 1,800-r.p.m. machines likely to be
required. He advocates using a drum, forged on a
mandril, and shrunk on a through shaft. Let us
examine this recommendation cursorily. On account
of the end rings we cannot at present go much beyond
52 inches or 53 inches diameter. We need something
like 6 inches slot depth for the coils and the heavy
wedges required. We need an air slot below that, and
4 inches is little enough for a really large machine and
long rotor. So our slotting will run down to a 32-inch
diameter or so. Even a 20-inch shaft becomes out of the
question unless we accept stresses of the order of 45,000
lb. per square inch. We might thread the rotor drum
on a 15-inch diameter spindle and call this a shaft, but
we still should have a stress of about 35,000 lb. per
square inch. A diameter of 15 inches might perhaps
just allow the shaft to be tapered down to a reason-
able journal size. While the above slot depths roughly
accord with recent practice, I agree that by putting
up with certain disadvantages, for instance, very
narrow rotor slots and so on, the figures may be
modified. I question, however, whether the author
had really closely studied the problem of the largest
1,800-r.p.m. machines when he wrote his recom-
mendations. It still remains possible to use a
hollow forged drum with a comparatively small bore
and two separate shaft ends. In this connection I
have generally been in favour of a central bore, any-
how, in the case of large-diameter single forgings,
arguing that a stress of 28,000 lb. per square inch at
the surface of a smooth bore is preferable to half this
figure in an almost glass-brittle central core in which
a possible flaw may produce an effect kindred to that
in a jagged-edged hole. The bore also considerably
aids heat treatment and allows a certain degree of in-
spection. In the matter of end rings, I am entirely

• This point is further dealt with below in my " Communicated " remarks.

in accord with the author as to the desirability of using
chrome-nickel steel except for very small machines,
and then heat-treated carbon steel generally. Occa-
sionally some manganese bronze becomes necessary,
but, as the author points out, this has a very doubtful
elastic limit although a good yield point. In the case
of a composite ring, namely chrome-nickel steel with
a bronze tip, I must admit being one of those condemned
by the author for checking the bronze into the steel,
that is, the reverse of the way shown in Fig. 20. I
am afraid that I remain quite recalcitrant. Chrome-
nickel steel, when properly handled, is certainly reliable,
but one cannot say the same of bronze. Its lack of
really good elastic properties makes one suspect its
ultimate endurance, and such a bronze tip should
preferably be checked into the rotor body, leaving
a carefully determined clearance for diametrical expan-
sion, and should be checked into the steel ring on the
other side. The rotor tooth should be strengthened
for this additional load by using a large-radius fillet
at the ends of the cylindrical parts of the rotor body.
But even on the author's own showing, is he correct
about Fig. 20 ? He limits the bronze stress on page
484 to 45 per cent of the yield point (surely high enough),
that is, 10 tons per square inch. He places his chrome-
nickel steel figure at 50 per cent of 40 tons, i.e. 20 tons
per square inch. He therefore limits his safe bronze
stress to half the steel figure; but his value of Young's
modulus is 68 per cent of the steel value, hence the
steel tends to stretch more than the bronze. With
the design of Fig. 20 the bronze is forcibly stretched
by the steel, and receives a stress which is 68 per cent
of that in the steel instead of the allowable 50 per cent.
I have always used a lower value of the bronze modulus,
but even so I consider the correct construction remains
as I have described it. The author advocates register-
ing these end rings on the projecting rotor slot wedges
to avoid magnetic leakage and to gain other advan-
tages. This, again, is a temptation to be resisted ;
the electrical disadvantages should be accepted rather
than the mechanical ones. The problem of stress
distribution in these end rings is a very complicated
one. The actual loading not only varies axially, but
circumferentially, and bending stresses of the ring
material arise in both the planes of the circle and those
through the axis. In some cases the distortion from
the circular shape more than eliminates the radial
expansion on certain radii unless the ring can come
down solidly upon a support and call into action very
substantial supporting forces. Unless due provision
is made for this, the additional ring stress due to bending
in the plane of the circle becomes very serious indeed.
These secondary stresses are usually ignored. The
author stipulates that in calculating the end-bell stresses
the maximum is to be taken (page 489), but this seems
to refer mainly to the inside versus the outside ring
stress, and to the maximum value in the axial dis-
tribution of coil loading. In fact the actual stresses,
including secondary effects, as indicated above, can
only be approximated to by somewhat laborious methods,
and their estimation by different calculators would not
be likely to check closely. In the matter of test bars,
the radial bar of Fig. 6 should be taken by a trepanning
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tool at the centre of the length of the rotor, and not
at position " C " where the oil-hardening has had the
greatest opportunity of being effective. Again, with
the chrome-nickel steel rings at least two, or perhaps
three, test bars should be taken from each ring, especi-

FIG. B.—Original cross-section of beam.
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FIG. C.
Regions (r) shown by full lines and cross-hatching.
Regions (2) shown by dotted lines.

ally if these are of a size necessitating forging on a
mandril rather than in a tire mill. The appendix
(page 489) needs some careful revision before being
accepted as a good purchasing specification. Such
a specification should undoubtedly aim at ensuring an
absolutely sound design and construction while giving

VOL. 56.

the greatest possible freedom to manufacturers in
matters of details of design.

[Communicated) : It seems advisable to give some-
what more completely * the correct statement as to
the theoretical stiffness of a plate-built rotor, as there
is evidently still some misconception upon the subject.
Let us consider a beam of varying section, and let this
be subject to bending actions producing moments • M,
M being a function of x, the distance from the centre.
The beam we are considering is a solid single-piece one.
At any one value of x, let us mark out on the cross-
section of the beam (Fig. B) certain regions symmetri-
cally about the principal axes of section, aggregating
A! square inches at a radius of gyration of k, so that
the moment of inertia of these specialized regions aggre-
gates II = AI k\. Fig. C shows these regions in full lines.
Let the sufhx " o " refer to the original section, " 1 "
to the specialized regions, and " 2 " to the remaining
regions. The system of forces comprising Tx lb. per
square inch tension uniformly distributed on the " 1 "
regions, together with Tx AI/(A0-AI) uniform compres-
sive stress on the " 2 " regions, is itself in equilibrium
and produces no bending moment. Hence if this system
be superposed upon the system of interface forces
which constitute the reaction to the bending moment
M at the section in question, and if as a result all
stresses remain within the elastic limits, then neither the
equilibrium nor the curvature of the beam at this section
will be affected by the added system. If we proceed
further and eliminate the longitudinal shear stress
around the contour of the regions " 1," we may imagine
these regions to be actually separated around their con-
tours without affecting the case, and we then have the
case of a solid rotor of section " 2 " with longitudinal
tension bolts " i," giving the same deflection every-
where as the original rotor " o." Or, without any
proviso as to the longitudinal shear stress, the deflec-
tion will at any rate be less than that of the
solid beam of section " 2 . " If we make the initial
tensile and compressive stresses such that under the
bending actions we never get any tension anywhere
in the region " 2," and if we provide suitably for trans-
verse shear (e.g. by rabbeting), then we may without
affecting the' case have any number of transverse parti-
tion planes in the material of region " 2 " without
affecting the equilibrium or curvature at any section,
and hence without affecting the deflection. But we
now have the complete case of the plate-built rotor,
and we see that its stiffness depends, not upon Ir,
but upon I0.f It is fairly evident that, practically, the
reactions at the ends of the bolts sufficiently take care
of the effects of longitudinal shear stress around the
contour of regions " 1." If we add the refinement
of making Az M/Io approximately constant along the
length, we eliminate the minute remaining shearing
action at this contour. Having determined the deflec-

* See also Electrician, 1918, vol. 80, p. 817.
t It should be noted that Io is dependent almost solely upon the unslotted

regions of the cross-section of the rotor. In the case of the single forging—
unless ventilated axially only—radial vent grooves are parted down in the polar
regions as well as in the slotted ones, and consequently only that area of cross-
section which is below the t>ottom of these vent grooves is available in the
determination of Io. In the case of the plate rotor, the radial vents are
obtained without cutting into the polar regions (see Journal I.E.E., 1916,
vol. 54, p. 69). Hence the deflection of a plate rotor of given dimensions and
coil slotting may even be less than that of the corresponding rotor constructed
from a solid forging.

33
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tion of the built-up rotor by reference to that of a
solid one, the stress variation in the bolts consequent
upon rotation of the structure immediately follows.
Such stress variations as occur must result in corre-
sponding variations in the elongation. The changes
of elongation and of stress will be related by l/L=ffE,
where I is the overall change of bolt length consequent
upon the stress change, and / is the average, taken
over the bolt length L, of the change of stress.
E represents Young's modulus for the material of the
bolt. Since the deflection of the structure is the same
as that of the specified solid one, the change / will be the
same as that of the fibres in the corresponding position
in the solid case. Hence / is the same as the average
(over the rotor length) of the stress change at the corre-
sponding spot on the cross-section of the solid rotor.
It is independent of the bolt cross-section and of the
initial bolt stress so long as this is sufficient to comply
with our assumptions of a " tight rotor," or one in
which the compressive stress does not vanish in any
part of the region " 2 " upon the application of the
bending moments in question. It is hardly necessary
to add that if this condition be not met, the change
of bolt stress upon rotation of the structure will be
greater than indicated here, and may be many times
as great. This fact is in complete contradiction
to the statement made and reiterated by the author
in this connection. With regard to the general
question of the relative merits of a single versus
a many-part rotor structure, when large sizes are in-
volved, the author very properly lays stress repeatedly
in his paper upon the essential importance—when a
single forging is used—of exercising the highest tech-
nical skill and experience in the production of the
forging, from the pouring of the ingot down to the
heat treatment after rough machining. He rightly em-
phasizes the fact that defects which may be present
in the forging cannot necessarily be detected by an
over-speed test or other acceptance tests at the factory
or on the site : the results of such defects may only
appear after continued operation. In the same way
with the plate-built rotor, defects might remain un-
detected by the acceptance tests. Moreover, while the
same degree of expert technical skill is not demanded
In this latter case in the production of the material
involved, it is essential in order to obtain the desired
results that thoroughly first-class workmanship shall
have been maintained throughout. The question of
the relative probability of faults developing appears
to centre largely upon the relative facility with which
the processes involved can be effectively inspected
and checked during the production of the material
and finished article in the two cases. I believe that
the processes involved in the case of the plate-built
rotor are more readily amenable to rigorous inspection,
since they involve methods such as micrometer measure-
ments, gauging, etc., which have been developed to a
fine degree of perfection in even the most ordinary
engineering shops.

Mr. F. H. Clough : A great many of us have
gained to-night quite a lot of new information on steel,
which will be very useful to us in designing machines.
I disagree, however, with many of the author's state-

ments. He practically condemns all constructions
except the solid rotor, and it seems to me he passes
over its obvious disadvantages rather lightly. I have
been responsible for a large number of machines aggre-
gating about a million kilowatts and I have used the
laminated rotor throughout, and in no case have we
had failures from the causes which the author
mentions, such as failure of the punchings due to
over-rolling or similar causes. We certainly use cold
rolled punchings, not fully cold rolled but hardened
by the cold rolling, and I think we are justified.
The elongation is 10 to 15 per cent.' I think we find
justification for that even in the paper. The author
touches lightly on the use of binding wire for rotors
and says the advantage of this is that one can use
steel at a tensile strength of approximately 100 tons
per square inch, which so far as I know is obtained
in identically the same way that the higher stresses
are obtained with the cold rolled punching. The
stress on the rotors is applied in a very gradual way ;
it comes on very gradually as the speed increases
and comes off again as the speed decreases. It is an
ideal stress in many ways, and I think we are therefore
justified in using a material which does not necessarily
have a very high elongation. Such a high elongation
is only necessary where the stresses are indefinite and
are divided up amongst various members of the structure
depending upon the deflection of the other members.
In the case we are considering, however, each punching
takes care of its own stress independently of the others,
or largely so ; the stress is gradually applied, and
therefore I think that material of about 40 or 50 tons
ultimate strength and 30 to 35 tons elastic limit with
10 per cent elongation is very suitable for the purpose.
In my experience it has been satisfactory in every way.
It is rather difficult to judge the whole case if we con-
sider only the mechanical side, and the reason for using
punchings is not wholly mechanical. It does give
one a very much better chance of ventilating the rotor
than the solid forging does. I have the advantage
of being able to compare my own tests with those on
machines having solid rotors, and the temperature
rise is very much less with laminated rotors than with
solid, of the order perhaps of 60 per cent. It will be
seen that this allows the rating of the machine to be
very considerably increased. In fact, the output
is limited not so much by the rotor but probably by
the difficulty of using sufficiently large conductors
or a sufficient number of conductors on the stator to
prevent overheating. The use of a solid rotor is very
often put forward, not so much from the point of view
of strength, as that it avoids a critical speed. With
the largest machines which we now have to build for a
speed of 3,000 r.p.m. it is no longer possible to avoid
the critical speed ; therefore it has to be passed through,
and it does not matter very much at what speed this
is done, so long as the deflection is reasonable and the
shaft is otherwise adequate to the duties. All the
machines for which I have been responsible have passed
through their critical speeds and have given no trouble.
The biggest machine is about 7,000 to 8,000 kilovolt-
amperes, but bigger ones are in contemplation.

Dr. S. P. Smith : It is to be hoped that this paper



THE TURBO-ALTERNATOR ROTOR: DISCUSSION. 495

will give confidence to those consulting and operating
engineers who have the idea that machines cannot be
designed or built in this country which have not been
previously designed or built elsewhere; and if con-
sulting engineers would insert a clause in their speci-
fications that machines must be designed as well as
built in this country, instead of stating—as some
do—that no firm need tender unless it can show
machines as big or bigger running satisfactorily in this
country it would give English designers much en-
couragement and enable them to show the world that
they can tackle these problems at least as well as
designers abroad. In the discussion on the laminated
rotor versus the solid rotor, there is one peculiarity
about the laminated rotor which the author does not
mention. In rolling wide plates there is sometimes
a tendency for the plates to be a little thicker in the
middle than at the sides, due to the rollers moving
a little apart in the centre ; consequently care should
be taken to stagger such plates, so that this want
of uniformity will not produce a rotor of varying axial
length. I remember a rotor which had bolts through
the teeth, instead of plates at the ends, to hold the
laminations firmly together, where the core length
measured at the periphery was found to be an inch
shorter than near the shaft, thus illustrating how a
rotor built up of thin sheets may vary in length. On
page 476 the author refers to an Institution paper of
mine read in 1911 where the best ratio of the number
of wound slots to the number of pitches per pole was
discussed. As confirming his statement I might
mention a case recently brought to my notice, where
there were 15 slot-pitches per pole. If we had 6 coils,
that is 12 slots, the ratio of the wound part to the
whole pitch would be four-fifths. If we had 5 coils
in 10 slots, the ratio would be two-thirds, and we saved
a coil. The interesting point was that for the same
excitation loss we got more flux with the smaller
number of coils. I am glad the author has drawn
attention to this, because that paper was read about
seven years ago, and the point has been overlooked
by some designers in quite recent years. It is safe
to say that in general a ratio of two-thirds is better
than a ratio of three-fourths. The true way to get
the maximum output is to use variable spacing of the
slots—even with respect to the pole-centres—and we
are obliged to do this for very large outputs and when
the conditions are special. In other words we can
further increase the rotor output by proportioning
the slot-pitches in the proper manner. The author
refers on page 483 to the loss on short-circuit. It is
an undoubted fact that something peculiar happens
on short-circuit which does not happen on load.
There is usually much greater heating in the stator
conductors on short-circuit than with the same current
on load. I think flux from the stator enters the end
bell more easily on short-circuit than when the machine
is running normally, because in the former case the
rotor and stator ampere-turns are about equal; whilst
when working at full load, the rotor ampere-turns
are much stronger and practically saturate the bell;
consequently the bell offers considerable reluctance to
the stator magnetomotive force on load. There is

no doubt that the losses which occur on short-circuit
are very different, both in distribution and in magnitude,
from those on actual full load. I have spent a good
deal of time in investigating the matter, but up to
the present moment I have not been able to trace
any direct relation between the losses which occur
on short-circuit and those on actual load. It has
been suggested as a means of testing turbo-alternators
that all measurable losses, including the short-circuit
loss, be taken into account, and I think it has been
authoritatively put forward in America that the effici-
ency based on these losses should be accepted as the
conventional efficiency. Though it may be convenient
to use the short-circuit loss in calculating a certain
conventional efficiency, yet I am very much in doubt
whether it has any real meaning. Probably the best
way of measuring the efficiency is to find the loss on
load from the temperature* rise of the cooling air. I
am glad the author has drawn attention to the fact
that one must be careful in using short-circuit losses,
as they are probably meaningless in many instances.
In addition, he has shown that it is probably very unsafe
to run large machines on short-circuit for any length of
time, as it might seriously damage the insulation.

Mr. A. R. Everest : The author states that the
object of the paper is to prepare a specification which
can be used for the guidance of the customer's technical
adviser, presumably in cases where he has not the
necessary familiarity with the subject to express his
own preferences. Personally, I think that if the
consulting engineer himself cannot say what he prefers
to have, he should trust the designers of firms having
proved reputation. I find the paper rather contra-
dictory. We have the statement: "With the advent
of peripheral speeds of over 4J miles per minute the
unsound construction of earlier times had disappeared,
and the modern turbo-alternator rotor is not surpassed
as a high-class engineering production." That I take
it is an admission that the engineers responsible for
these machines are making their designs satisfactorily,
but at the bottom of the page there is another para-
graph which reads : " The conditions to be faced are
most severe, and the author doubts if they are suffici-
ently well realized by either user or maker." That
is in contradiction to the previous statement. I feel
very emphatically that it is one thing to have a standard
British specification for a material; but such things
as standard specifications for ships or machines are
only adopted here as war expedients, and I do not
think we want to consider a standard specification for
a turbo-alternator. It means taking one man's design
to the exclusion of everybody else's. With regard
to the preference expressed in the paper for certain
types of design, of course ever}' designer has his own
preferences, but I would suggest that the author is
too positive in condemning some well-known types of
design, and that a selection of one to the exclusion
of the others is not justified, particularly as it is pro-
posed for adoption as a kind of national standard. With
reference to the preference expressed for the solid
rotor and the condemnation of the laminated rotor,
the principal objection pointed out against the latter
is that if we build it of punchings we must have central



406 BARCLAY: THE MECHANICAL DESIGN AND SPECIFICATION OF

holes to string them on to the shaft, and the author
points out that a solid disc with no hole at all is twice
as strong as one with even a very small hole. A little
further on we find it stated in connection with solid
steel forgings that when we get up to outputs of 8,000
to 10,000 k.v.a. the solid forgings become so unreliable
that it is necessary to bore out the centre and put
in a separate shaft. The argument is entirely gone.
As Mr. Clough has already pointed out, the laminated
rotor has been in use for several years and at present
something like a million kilowatts of such plant has
been running for from one year up to 10 years and
there is nothing in the history of their performance
which justifies their condemnation in preference to
any other construction of which I know. Further,
experience indicates that with the laminated rotor we
get better ventilation than those who design the solid
rotors succeed in obtaining. Designers agree that
the dimensions of the large machines which are wanted
in future are controlled very largely by the temperatures
at which we can run the rotor windings, and therefore
controlled by the temperature limits imposed on the
insulating materials we can use. Everything comes
back to the temperature which is permissible on the
rotor, and if a certain construction enables us to get
better ventilation so that we can get a bigger output
for a given temperature limit, surely this is an argu-
ment in favour of that construction.

Mr. H. W. Taylor : The author has gone with
considerable detail into the defects likely to be found
in steels as used in the various types of machines, and
I feel that if some of the previous speakers had not
given evidence that some of the types of machines
under review had proved satisfactory in operation over
a number of years, the paper might have had a discon-
certing effect upon operating engineers. One of the
obvious criticisms of the laminated rotor is that when
running at full speed the laminations will expand and
so throw the rotor out of balance. It is found, however,
that with reasonable precautions, this effect does not
take place, and the probable reason is that, as hinted
by a previous speaker in connection with end rings,
the stresses although relatively simple are complex
enough as to cause unequal radial expansion, so that
at full speed a lamination takes the form of an ellipse
and grips the shaft at some places and leaves it at
others. The author has suggested a possible limit
in the size to which machines could be built with lamin-
ated rotors. I do not suggest that the largest machine
ever to be made can be of this construction, because
as we design machines for larger and larger outputs we
look at the whole problem broadly and it may be that
there is a limit; but in order to show that the limit
is not yet reached I would mention two points:—

(1) That the stress being more severe in the end bells,
the stress in the laminations is not the limiting feature
in the mechanical design. (2) The specific dimensions
given for certain machines in the paper are rather
larger than are necessary for a design with laminated
rotor, and therefore a 5,000-kw. rotor running at 3,000
r.p.m. is perhaps more feasible than the author thinks.
With reference to the keying of the laminations in Fig.
1, I would suggest that the key might be put at the
polar region where there need be no slots. The stresses
in the lamination are thereby reduced. Speaking of
magnetic features, the author seems to suggest that
saturation should be concentrated in the rotor teeth,
and he has shown a magnetization curve up to 20,000
lines per square centimetre (130,000 lines per square
inch). I think it very inadvisable to arrange for the
saturation to be concentrated in one region, because
one cannot be certain that in different parcels of high-
tension steel the magnetizations at these densities
will agree to within 20 or even 30 per cent. It is
therefore better to distribute the saturation, as it may
be necessary to reject materials on magnetic properties>
although they are otherwise quite satisfactory. With
regard to temperature-rises, especially on the stator
core, which occur during short-circuit heat runs, machines
are not designed nowadays so close to temperature
guarantees as formerly, and the designer is usually
content to know that if his machine is within the guar-
antee with tests based on short-circuit heat runs, it
will be well within the guarantee when running on
full load when the extra heating due to the circulation
of the stator current is much less. At the same time
the question of heating on short-circuit heat runs is
an interesting study, and one of the principal factors
is the pitch of the stator winding. Extra heating, as
mentioned in the paper, may also be generated locally
at the ends of the stator, but this is probably due to
the arrangement of the end connections of the stator
winding. Various speakers have referred to the question
of ventilation. Wherever axial holes are used, either
in the stator or rotor, I think they should be in such
a position that they are accessible for cleaning, as soot
and dirt may collect in them if the air is not filtered or
if the machine is not overhauled at regular intervals.
It appears, from experience with the laminated rotors-
with radial ventilating spaces, that the centrifugal force
is sufficient to prevent dust and dirt accumulating in
the passages, although this may occur in the stator.
It seems to me highly probable that solid rotors
which are cooled only by axial ventilation are very
likely to become clogged, especially if the individual
openings are of small section.

(The author's reply to this discussion will be found
on page 509.)

YORKSHIRE LOCAL SECTION, 12 MARCH, 1918.

Mr. W. M. Selvey: In some respects I think
this paper is the outcome of Professor Field's paper
of two years ago. Members then criticized rather
adversely the method of holding solid rotor plates
together by bolts in order to have the centre of the

rotor unpierced by a hole. A little previous to that
date we were not making very large machines in England.
The Americans were a long way ahead of us in that
direction. We were generally departing from salient-
pole machines and using these forged rotors with dis-
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holes to string them on to the shaft, and the author
points out that a solid disc with no hole at all is twice
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to 10,000 k.v.a. the solid forgings become so unreliable
that it is necessary to bore out the centre and put
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rotor has been in use for several years and at present
something like a million kilowatts of such plant has
been running for from one year up to 10 years and
there is nothing in the history of their performance
which justifies their condemnation in preference to
any other construction of which I know. Further,
experience indicates that with the laminated rotor we
get better ventilation than those who design the solid
rotors succeed in obtaining. Designers agree that
the dimensions of the large machines which are wanted
in future are controlled very largely by the temperatures
at which we can run the rotor windings, and therefore
controlled by the temperature limits imposed on the
insulating materials we can use. Everything comes
back to the temperature which is permissible on the
rotor, and if a certain construction enables us to get
better ventilation so that we can get a bigger output
for a given temperature limit, surely this is an argu-
ment in favour of that construction.

Mr. H. W. Taylor : The author has gone with
considerable detail into the defects likely to be found
in steels as used in the various types of machines, and
I feel that if some of the previous speakers had not
given evidence that some of the types of machines
under review had proved satisfactory in operation over
a number of years, the paper might have had a discon-
certing effect upon operating engineers. One of the
obvious criticisms of the laminated rotor is that when
running at full speed the laminations will expand and
so throw the rotor out of balance. It is found, however,
that with reasonable precautions, this effect does not
take place, and the probable reason is that, as hinted
by a previous speaker in connection with end rings,
the stresses although relatively simple are complex
enough as to cause unequal radial expansion, so that
at full speed a lamination takes the form of an ellipse
and grips the shaft at some places and leaves it at
others. The author has suggested a possible limit
in the size to which machines could be built with lamin-
ated rotors. I do not suggest that the largest machine
ever to be made can be of this construction, because
as we design machines for larger and larger outputs we
look at the whole problem broadly and it may be that
there is a limit; but in order to show that the limit
is not yet reached I would mention two points:—

(1) That the stress being more severe in the end bells,
the stress in the laminations is not the limiting feature
in the mechanical design. (2) The specific dimensions
given for certain machines in the paper are rather
larger than are necessary for a design with laminated
rotor, and therefore a 5,000-kw. rotor running at 3,000
r.p.m. is perhaps more feasible than the author thinks.
With reference to the keying of the laminations in Fig.
1, I would suggest that the key might be put at the
polar region where there need be no slots. The stresses
in the lamination are thereby reduced. Speaking of
magnetic features, the author seems to suggest that
saturation should be concentrated in the rotor teeth,
and he has shown a magnetization curve up to 20,000
lines per square centimetre (130,000 lines per square
inch). I think it very inadvisable to arrange for the
saturation to be concentrated in one region, because
one cannot be certain that in different parcels of high-
tension steel the magnetizations at these densities
will agree to within 20 or even 30 per cent. It is
therefore better to distribute the saturation, as it may
be necessary to reject materials on magnetic properties>
although they are otherwise quite satisfactory. With
regard to temperature-rises, especially on the stator
core, which occur during short-circuit heat runs, machines
are not designed nowadays so close to temperature
guarantees as formerly, and the designer is usually
content to know that if his machine is within the guar-
antee with tests based on short-circuit heat runs, it
will be well within the guarantee when running on
full load when the extra heating due to the circulation
of the stator current is much less. At the same time
the question of heating on short-circuit heat runs is
an interesting study, and one of the principal factors
is the pitch of the stator winding. Extra heating, as
mentioned in the paper, may also be generated locally
at the ends of the stator, but this is probably due to
the arrangement of the end connections of the stator
winding. Various speakers have referred to the question
of ventilation. Wherever axial holes are used, either
in the stator or rotor, I think they should be in such
a position that they are accessible for cleaning, as soot
and dirt may collect in them if the air is not filtered or
if the machine is not overhauled at regular intervals.
It appears, from experience with the laminated rotors-
with radial ventilating spaces, that the centrifugal force
is sufficient to prevent dust and dirt accumulating in
the passages, although this may occur in the stator.
It seems to me highly probable that solid rotors
which are cooled only by axial ventilation are very
likely to become clogged, especially if the individual
openings are of small section.

(The author's reply to this discussion will be found
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YORKSHIRE LOCAL SECTION, 12 MARCH, 1918.

Mr. W. M. Selvey: In some respects I think
this paper is the outcome of Professor Field's paper
of two years ago. Members then criticized rather
adversely the method of holding solid rotor plates
together by bolts in order to have the centre of the

rotor unpierced by a hole. A little previous to that
date we were not making very large machines in England.
The Americans were a long way ahead of us in that
direction. We were generally departing from salient-
pole machines and using these forged rotors with dis-
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tributed field windings. I am not quite able to follow
Dr. Barclay where he lays undue stress on the subject
of rotors built up of thin plates. I have not come
across very many of these and in most cases they are
only small machines. The advent of the 3,000-r.p.m.
machine practically settled the forged type of rotor
unless we adopted alloy steel for threaded discs. Al-
though we have very largely got over the trouble with
our rotors at the electrical end by making a solid forging,
we are still very much in the position of needing alloy
steels at the low-pressure end of the turbines where
the stress is higher than that to be met in the electrical
rotors. The net result has been, as the author has
now put forward, that to-day, with the exception of
the end bells, our largest rotors are practically a solid
forging. The only misgiving we had about these in
the first case was voiced by Dr. Barclay at the meet-
ing when Professor Field read his paper, namely, the
question of the homogeneity of the steel with regard
to its strength in different directions. That point
is dealt with in the present paper, which removes
any misapprehension we might have had as to the
way the forging is strained, having consideration to
the way it is worked under the press. With regard
to internal flaws, the author gives us to understand
that if we go to the right maker—the paper says
" approved maker "—we need have no misgiving. I
am g'lad that is so, as although we can find with X-rays
an internal flaw in a small casting, I do not know that
we can yet take a 15-ton or 20-ton forging and find
a flaw by that method. Having arrived at a satis-
factory solid forged rotor, we have still two serious
questions in large modern rotors. One that has been
always a bugbear is the supporting of the end turns.
The second is the question of cooling, not only the
end turns, but the turns where they pass through
the slots. I have been very interested lately in exam-
ining a number of designs of 25,000-kw rotors, some
of which represent our best English practice and others
are adaptations from the considered practice of the
General Electric Company of America. There are
some fairly striking differences in principle between
the various ideas expressed. I should like to touch
on an interesting point which the author has not dealr
with fully. I think we should pay particular attention
to Fig. 23. No feature of a rotor has given more
trouble to designers than the cylindrical part of the
drum which in Fig. 23 is seen enclosing the end turns.
Generally speaking, that has not been made of late in
a solid piece as the author shows, though it has had
something corresponding to a spider as an end clamping-
plate. Almost invariably, except in low-speed rotors,
it has been made of a hoop of magnetic steel, and it
has been the most stressed part of the whole rotor.
It has also been the most difficult to cool. It is rela-
tively inaccessible, and is the place where dirt has most
collected. Troubles which have been very puzzling
have arisen through heating. There has been heating
of the stator core end above this end bell and also of
the end bell itself. The only explanation put forward
for some time was " unbalanced loads." This was not
always borne out; neither have such troubles always
appeared with a definitely unbalanced load as were

expected. There have certainly been eddy currents
which have caused some heating with consequent
expansion. And these, together with the loading due
to centrifugal force, as the author points out, have
stretched the bell until when running it is practically
floating. This gives the bell a tendency to settle not
quite in place on shutting down ; it also gives it a slight
tendency to go out of the circular shape. The parti-
cular form of end bell in the design suggested by the
author is to be made in one piece down to the shaft, so
that decentralization cannot occur. In order to venti-
late the end turns he is now practically forced to adopt
the slots shown under, in order to let air in. This
is a return in many respects to some of the earliest
3,000-r.p.m. machines of Messrs. Parsons where we
had undoubtedly excellent ventilation and did not
have trouble in supporting these end coils. There
were several rings made down solid to the shaft with
ventilating holes. The coils were, however, threaded
through, whereas the modern design has former-wound
coils. The ventilation of these coils is a very burning
question. Most of us know now that many forms of
air cleaners do not clean the air. As a rotor of this
kind is very largely dependent on getting the full
amount of air passed through it, if these slots show
any tendency to get dirty it is not safe to run the machine
without dismantling it fairly frequently for cleaning.
Hence it will be necessary either to do away with the
slots or to construct the rotor so that the slots can
be very readily cleaned. I am afraid the author's
design does not fulfil either condition. I think that
the question of the distribution of the flow of air through
the air-gap and the windings and stampings is not
considered to be a very difficult problem. There is
a large area for flow of air and the heat losses are very
well distributed. Generally with modern designs there
is no particular tendency to short-circuit the air liow
in any one region and so leave hot spots. The cooling
of the rotor is, however, a more difficult problem. A
number of small radial slots tend to get easily clogged
up. If the air is fed entirely from one end, the far
end is hotter, the more so as the amount of air which
can be got through a long thin slot provides a feeble
means of carrying away any considerable quantity
of heat; and but for the fact that the rotor coils have
considerable heat-dissipating powers by conduction to
the metal, and this latter good dissipation from the outer
surface, we could not, I think, have made successful
large rotors. Certain manufacturers have gone to
the length of using water-cooled slots in these places.
It has been successful up to a point. I think we still
have a certain amount of uneasy feeling that it is not
quite the final solution of the problem. It seems too
complicated, and steps are being taken to experiment
with a large rotor without ventilating slots at all.
I would suggest to the author that he might modify
his design by putting two fans in parallel at each end
and give up the idea of discharging the rotor air separ-
ately. I think it is then possible to draw the air from
the slots so that adjacent slots carry air moving in
opposite directions, one set of slots to one fan and the
alternate set to the other, at the same time drilling
holes in the end discs which will give the air a straight
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path. This would equalize the temperature throughout
the rotor. A small detail is that I believe it is quite
wrong to try to force a fan by turning its blades forward.
This was developed in some of the early French designs
and by Davison for the purpose of getting a very large
output from small turbine-driven fans. It is not the
best method. Some of the fans now fitted on a big
rotor approximate to a real fan of a fairly high efficiency
in which the air does not necessarily circulate prin-
cipally in a tangential direction.

Mr. J. Shepherd : Heat treatment for steel
forgings of small size is fairly well known, but I should
like to ask the author how are large forgings dealt with
to render them uniform in structure and free from
internal strains. Abroad one hears of machines of
40,000 to 50,000 k.v.a., but one of the factors limiting
the capacity of machines appears to be the maximum
size to which it is possible to press a rotor forging with
certainty of obtaining a sound and reliable interior.
In this connection one would like to know the capacity
of the machine having the rotor shown on page 479.
As the author states, the limiting output of a rotor
is determined by the heat loss. With a 50,000-k.v.a.
machine the rotor loss is in ihe neighbourhood of
1,000 kw., depending upon the design ; and to dissipate
that amount of energy in the form of heat is a serious
matter and becomes almost an impossibility with air
cooling only. With either a wet or dry filter it is
difficult or impossible to clear the cooling air of mechani-
cally suspended dirt; and if the dirt be not removed
it will settle in the air passages of the machine and
gradually reduce the flow of cooling air. The support
and cooling of the end loops of the rotor winding is
another serious problem: the alternate expansion and
contraction of the copper coils give rise to chafing of
the rotor insulation at the ends of the rotor core. At
the best the capacity of air for cooling is very limited
as compared with a liquid such as water, the respec-
tive cooling capacity of a cubic foot of air to a
cubic foot of water being 1 to 3,400. Further, there
is the difficulty in cleaning the air passages after
prolonged use, and the difficulties of correct permanent
distribution of the air in different parts of the rotor
and stator. In fact the difficulties with air-cooling
are so many that with large machines it would appear
that air-cooling will requite to give place to liquid-
cooling, with considerable modification in the general
design of the turbo-generator.

Mr. C. N. Hefford : The author has not quite
convinced me regarding the safety of making these
large rotors in one piece of steel. I can understand
that the investigation which he has suggested is ex-
ceedingly effective in the case of smaller pieces, but I
do not see how we can deduce from the microscopic
examination of a test piece the actual state of the
steel in the centre of a large rotor of 40 or 50 inches
diameter. He states that an alternator with a solid
rotor can quite well be designed to withstand short-
circuits at the terminals without damage. I find
that alternator builders are very chary of agreeing to
a short-circuit test, no matter what type of rotor is
put forward, and I should like more information on
this point. A remark on page 473, regarding the

shrinkage of plates or stampings on'the shaft, affects
over-speed tests. One of the principal alternator
builders in the country makes a rotor with a " boiler
plate " structure, and I believe is one of the few manu-
facturers who carry out a high over-speed test in their
shops. It makes one consider how far they are wise
in doing so. Obviously there must be a very high
initial strain on those plates when they are shrunk
on the shaft, or the over-speed test would tend to
loosen them. On page 474 the author states that
" an entirely satisfactory high-tensile plate could be
produced using nickel-chrome steel." A rather large
alternator is going through my hands just now and
there was very great difficulty in producing the rotor
for that machine. We tried several types of steel and
eventually had to make the rings, which were shrunk
on the shaft, of nickel-chrome steel before we could
get the mechanical and electrical tests satisfactory.
I think the author has made a very important point
with regard to lamination and vibration. One can
quite well follow his suggestion that we may have a
very stiff rotor to start with, built up of laminated plates,
especially thin laminated plates, which after a period
of running due to vibration may not be anything like
as stiff. If we get movement of the plates the coils
on the rotor will sooner or later break down. The
author's statement that solid forgings are undoubtedly
preferable for all sizes of rotors for polyphase work,
will of course be modified by his reply to my question
as to the difficulty of ascertaining defects in a solid
forging. On page 474 he refers to the weakening effect
of punching metal sheets. That is not new. Years
ago manufacturers stopped punching holes in boiler
plates for the same reason. The test-pieces suggested
on page 478 seem to meet the case very well. I do
not quite know whether the author suggests that we
should take the diagram literally, or whether, if it
were possible, the test-pieces C and B could be taken
from a chunk out of the rough, running more in the
centre of the rotor. These rotors are very rough
forgings, which are turned. I should imagine there
would be enough left on the rough forging to take
the B and C test-pieces more from the centre of
the rotors instead of from the edge. I suppose
that end is towards the top or bottom of the ingot.
Should we not get a better average result if we could
take it half-way down the bulk of the forging ? In
the statement that " the only justification for the
built-up construction is for small rotors and when
high-grade forgings are not obtainable and for single-
phase work," I do not quite follow the reference to
single-phase. Previous speakers have referred to
the end-bell construction. I have not previously
come across a case where it is suggested that this should
be taken down to the shaft. It certainly appeals
to me, if it is possible to make the end bell fit the shaft
and take its position from the shaft rather than be
carried on the end coils, which is in effect what happens
when expansion of the cover due to centrifugal action
takes place. I think it is a much better construction
to carry it if possible from the shaft. That is not
done in machines which have come under my care so
far. With regard to ventilation, I am not quite sure
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that we are on the right lines in putting the fan on the
rotor. The fan must necessarily be of the induced-
draught type ; that is to say, where the shaft passes
through the casing to the alternator there will be suc-
tion. I have machines in which there are fans on
both ends of the rotor, drawing the air in and blowing
it through both the rotor and the stator at the same
time. That is to say, the same fans are used for both.
In other machines there is a definite fan for the rotor
and another for the stator, which I think is perferable,
as a definite amount of air will be provided in each
case. A large amount of air passes through these
rotors, which is surprising in view of the small amount
of space available. One firm of alternator constructors
meet the difficulty of cooling the rotor coils by actually
enclosing the winding in a thin metal case. This is'
dropped into a slot machined out of the solid with ribs
so that the cooling air can pass actually in contact with
this metal box. At the same time the slot is deeper
than is necessary for the coil, the air can pass behind
the bars and gets into intimate contact with the copper,
and I believe the cooling effect is very good. The
drawing-in of the air where the shaft passes through
the case is to my mind very important. I have recently
experienced a most interesting, although costly, break-
down. We had a fire in an alternator which was
apparently a case of spontaneous combustion. The
machine did not break down electrically : the insulation
was as good after the fire as before, but the machine
could not be used as the nature of the insulation was
gone. We found on opening the alternator that there
was a considerable amount of deposit. The air ducts
were filled up and the windings were in places thickly
covered. We found traces of this throughout the
machine. A wet air filter dealt with the air for
this machine, and we had samples taken of the de-
posit from the sump and the baffles of the air filter,
and also from each of the end windings and from
the middle of the core. We also had samples tested
of the lubricating oil used for the turbine, both fresh
from the barrel and that which had actually been in
the machine for 12 months. The deposit was chemi-
cally analysed, and the oils were tested in the usual
way and the flash point taken. The report which we
received proved conclusively that this deposit was
not spontaneously combustible. What then made it
burn ? We also took samples of the deposit at these
various points and tested their electrical properties in
order to deduce from them their heat-conducting
properties. We found that at the point where the
fire commenced the deposit had an exceedingly high
insulation resistance. The conclusion we have come
to is that this deposit, wherever it settled on the coils,
prevented the air which was in circulation from cooling
the coils at such points at all, and that the temperature
inside rose sufficiently to ignite the mixture locally.
There are two remedies possible. One is to filter the
air better, which is not very easy. The other is to
prevent oil from getting into the machine. The only
place where the oil could have entered the machine
is through the holes in the casing where the rotor shaft
passed through, and where the induced ventilation
of the rotor will cause a suction and assist the oil to

pass through. Possibly we shall eventually adopt
an external fan to put the whole of the air inside the
case under pressure and so make it blow out instead
of in at such points as those under discussion. I
think this is probably the reason we have not had this
trouble with the old salient-pole machines fitted with
an external fan, because we have a definite blow-out
straight through the stator coil and no chance of any
oil or mixture settling on the end windings. In the
diagram on page 487 any oil that travels along the
shaft will naturally creep up and settle on the fan
blades and be circulated round and round in the end
of the case to form an oil fog, which would give rise
to the trouble. It is thrown off in a very fine vapour,
and if when mixing with the air the latter contains very
small particles of dust a fog will form which will cause
a deposit on anything that comes in the way. I think
the remark on page 488 with regard to the over-speed
test is very true where the author says " for proving
mechanical soundness the over-speed test fails." I
think that failures that have occurred, and will occur,
do so through fatigue and not through any sudden
stresses put on the machine. The amount of over-
speed which the author suggests is, I think, quite ample,
viz. 20 per cent.

Mr. R. H. Campion : The point that impressed me
particularly with regard to this paper was that the short,
stiff shafts of the impulse machines stood as much
chance of going down as some of the other shafts. The
static deflection of a rotor under its own weight is
generally taken as a measure of the stiffness, as the
static deflection is reduced by increasing the shaft
diameter or by reducing the distance between bearings.
That seems to me to apply generally to page 473 ; and
then on page 474 I was interested in the different methods
of manufacture and turned up the Admiralty forging
specification and noticed the difference. The Admiralty
specification is that the sectional area of the body of
the forging is not to be more than one-sixth of the
original cross-sectional area of the ingot. This ensures
a lot of forging work on it. There was a point with
regard to annealed forgings of either mild steel or
3 per cent nickel steel having an ultimate tensile strength
of 45 lb. per square inch, the elastic limit being 20 tons
and the elongation not less than 20 per cent in 2 inches
in the case of mild steel. Where nickel steel is used
the elastic limit is not less than 21 tons per square
inch and the elongation 22 to 32 per cent in 2 inches.
These, I understand, did recently represent the standard
practice.

Mr. R. C. Atkinson (communicated) : During the
past six or seven years very great strides have been
made by metallurgists, and I think electrical power-
supgly engineers have for some time past had a feeling
that alternator designers were perhaps not taking full
advantage of this additional light which has been
thrown upon certain problems closely related to those
involved in the design of alternators. This paper
makes it quite clear that if proper and scientific atten-
tion is given to all the materials used at all the points
in the turbo-alternator rotor, and to the treatment
of such materials from their birth through every step
of their life till the finished rotor leaves the works,
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the chances of subsequent failure are reduced to a
minimum and should make for much greater reliability
in the future. I am glad to see such emphasis laid on
heat treatment of the steels used. Steel is not the
simple material which engineers have rather got into
the way of thinking it to be. It is a highly complex
compound of different substances, sensitive in the
highest degree to very small differences in treatment,
and in future we have got to treat this material with
due respect, if we want to get reliability and the best
results out of it. I am also glad to see the fan question
gone into in detail, even to the shearing stress on the
bolts or rivets fixing the fans to the end bells. I am
also glad to note that the author gives a fairly definite
figure for the force which is to be used in pressing the
rotor coils into the slots. I suggest that the actual
force used should be recorded automatically at the
time this and other operations of a like importance
are carried out. The system of ventilation suggested
by the author is very interesting, and I should like to
know whether any machines of say 5,000 kw. at 3,000
r.p.m. fitted in this way are in operation. I do not
like both slip rings being together, but rather one at
each end, as it is safer. This would mean a greater
span between bearings, which is probably the reason
for putting them together. If they cannot be put
one at each end, I think they should be kept as far
apart as possible, and a fixed insulated barrier placed
between. I do not see any mention of provision for
linear expansion of the rotor conductors, which on a
long rotor is appreciable.

Mr. H. E. Yerbury (communicated : A all pur-
chasers require the highest possible efficiency from
turbo-generators consistent with safety, and, speaking
generally, require the plant to occupy the minimum
space, it fo lows that high speeds are the order of the
day. That means that only the best and most suit-
able material should be used throughout, and the
solid forging—properly treated—appears to be the
most satisfactory for rotors of large machines. The
author's statement that pure hard mica is the only
material really suitable for insulating rotor coils, will

I think receive general acceptance. I should like to
ask him what material he uses for giving stability to
the end windings exterior to the core. In the early
days wood was very largely used, and during the past
few years in many cases metal—usually aluminium—
was favoured by rotor builders. It now appears that
metal has certain undesirable properties, especially
where wet air filters have been used, and many designers
are now reverting to either wood or an inflammable
moulded compound such as " Uralite." Instances are
recorded where wet air filters have been fitted and
moisture has passed on to the rotor, with the result that
when the moisture was evaporated by the heat of the
rotor certain salts were deposited, which eventually
became a path for leakage, and trouble followed. Has
•the author had experience of this trouble ? I think
that many engineers will agree with the designer that
non-magnetic material is preferable if it were possible
for end bells. The author mentions the heating effect
of stator leakage into steel end bells on short-circuit.
Unfortunately, station engineers are often seriously
concerned with this heating effect whilst the machines
are not on short-circu t. The matter of high eddy-
current losses in these bells should not be lightly re-
garded by designers. The importance of efficient
ventilation is well understood. Will the author please
say if he favours fans on the rotor for large units in
preference to an external blower, and what power is
taken in percentage of alternator output when the
entire system of ventilation is effected by fans on the
rotor. Many cases of inefficient ventilation have been
traced to the churning of the air with obstructed pass-
ages in axial and also radial ducts, and also the breaking
of fans through ignorance of the work these fans had
to do. I agree that it is desirable to take away by a
duct the discharge air, and no doubt now that rotors
are capaole of withstanding very high temperatures
the heat units in the discharge will be made use of in
the boiler house, thereby attaining the highest possible
all-round efficiency.

(The author's reply to this discussion will be found
on page 509.)

MANCHESTER LOCAL SECTION, 26 MARCH; 1918.

Mr. J. S. Peck : On the first page the author refers
to the reliance placed by engineers on strings and tape,
and on the same page he says : " The conditions to
be faced are most severe and the author doubts if they
are sufficiently well realized by either user or maker."
I do not think this is a fail" criticism to apply to
all manufacturers. The fiim I am associated with
have been making turbo-generators of large size and
of different types for the past 15 years. We have used
the laminated type, the plate type, and of "late
we have standardized on the solid forged type of
rotor. In the whole of that period we have never
had a serious mechanical breakdown In one or two
cases we have had minor troubles with balancing, but
we have never had anything in the nature of an explo-
sion or burst, either of the core itself or of the end
rings. From the very first we fully appreciated the
fact that the mechanical design of these very high-speed

machines was, if anything, more important than the
electrical design, and the calculations have been gone
into with the very greatest care. I think the results
obtained show that the mechancial designers have
appreciated and understood the problem. The author
goes in whole-heartedly for the solid forged rotor. We
have also standardized on this type of machine, but,
to be fair to the laminated and plate types, it must be
admitted that there are certain arguments in their
favour. If we could look into the inside of a solid
forging, say 50 inche diameter, and be absolutely sure
that it was homogeneous right through to the centre,
there would be no question as to the advantages
possessed by the forging : but we cannot look into the
centre of the core and we must trust to the steel-
maker to give us a first-class material. With the
laminated or plate construction we are trusting to a
material which may or may not be of such a high
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class as the solid forging, but there is this to be said
in its favour: every plate can be inspected, and,
even if one or two should be defective, it does
not make much difference because there are many
other plates to help to carry the load, so that the
chance of an accident is negligible. This, I think,
gives really thj gist of the whole situation with refer-
ence to the solid forging against the laminated rotor.
So far we have had very excellent results with the
solid forging, and the materia' obtained has been homo-
geneous and of very excellent quality. On some of
our machines we have drilled holes straight through
the shaft, and in other cases we have drilled holes at
right angles to the axis through the core body, and
have trepanned out suitable test pieces. These tests
showed that while the ductility was not quite as good
at the centre of the core, the tensile strength was prac-
tically as good at the very centre as at the outside.
Tests of this kind have strengthened our faith in the
solid forging. There is one remark the author makes
which I do not understand. In referring to the different
types of construction, he says the laminated rotor is
to be used where a single-phase load or an unbalanced
three-phase load is to be supplied. Our experience
leads us to just the opposite opinion. We should
never put in a laminated rotor for use with an un-
balanced load unless a very heavy damper winding was
provided. On the other hand we find that with the
solid rotor the steel core itself acts as a damper, and
the wedges in the top of the slots also act as a damper
winding to carry current from one end of the rotor to
the other. The next point I wish to touch on is the
Appendix This rather takes me back to that unhappy
time when we so frequently received specifications
which said : " The armature of this machine is to be
built up of laminations formed of the best Swedish
charcoal iron, the current density in the winding is
not to exceed 1,000 amperes per square inch, the density
in the brushes is not to exceed so much," and so on.
Then having specified in great detail how the machine
was to be built, all responsibility for its successful
operation was disclaimed. We designers and manu-
facturers have been asking for a long time to have the
customer specify the conditions the machine is to meet,
and then to leave to us the details of the design. I
am glad to say that consulting engineers are coming
more and more to realize that the designing of electrical
machinery must be done by specialists who devote
their whole time to this subject. I do not mean to
say that the consultant should not satisfy himself as
to the safety and soundness of the design, but rather
that the details should be left to the specialist. If
this specification in the appendix is intended to cover
the machine which the author is prepared to build, I
have nothing to say, but I do not think it is quite fair
to tie down all manufacturers to these details. It is
not at all certain that better materials than those
specified will not be obtainable, and the manufacturers
should have a free hand in adopting them.

Mr. A. D. Sloan : With reference to Fig. 12, the
author states that the excessive heating was confined
to the neighbourhood of the stator end plates and
occurred chiefly on zero power factor, i.e. on short-

circuit. I was discussing this matter with a station
engineer about a fortnight ago and he raised the ques-
tion of excessive heating of the end bell itself. I put
forward the theory that with the stator leakage-flux
rotating synchronously with the end bell no such
heating would occur, but he said he had a machine
in his station which would run at quite a normal tempe-
rature on the end bell with tank load, i.e. unity power
factor, but with service conditions (about 70 per cent
power factor) the steel end bell was excessively hot.
I raised the question of unbalanced load, but the en-
gineer maintained that his system was practically
balanced, and repeated his statement that the tempe-
rature of the end bell was affected by the power factor
of the load. Can the author throw any light on that ?
One other point in connection with the form of the
end bell illustrated in Fig. 23 : that is the general
type advocated by the author in which the cylindrical
portion and radial flange are all in one piece, and it
is stated to be unnecessary to register the bell on the
end of the rotor body. It occurs to me that as the
end bell is likely to increase in diameter at full speed,
if there is a tendency for it to become eccentric then
holding it central at one end only is no guarantee that
the other end will remain true. Again, it seems to
me that this is a construction which tends to create
high local concentration of stress at the point where
the cylindrical portion is joined to the radial flange.
The construction is not altogether unlike a sudden
increase in shaft diameter. I admit that in the case
of the end bell the stress is not an alternating one,
but the arrangement certainly invites a very indeter-
minate concentration of stress locally.

Mr. J. R. Beard : It seemed to me in reading
through the first part of the paper that in dealing with
the pros and cons of the laminated rotor certain of
its advantages were not referred to. Mr. Peck has
already mentioned one point, namely, that with the
laminated. construction one has a definite demonstra-
tion that the material is sound throughout, which at
present is not the case with a solid forging. Further
points which occur to me, looking at it from the user's
point of view, are that the delivery of a laminated rotor
is likely to be more speedy and certain, particularly in
war time, and that if, as is unfortunately occasionally
the case with the solid forging, the test results necessitate
its rejection there is a lengthy delay in replacing the
forging, which is not likely to occur with the laminated
construction. I notice the author lays stress on the
fact that with a solid forged rotor the mechanical
limitations are not in the body of the rotor itself, but
in the crushing and side-slipping of the rotor windings
and in the end rings. I should like to ask him whether
consideration has ever been given to a rotor with a
double winding, somewhat as shown in Fig. D. This
construction could be carried right through into the
end rings by using two of these concentric with each
other, one carrying a portion of the winding and the
other the remainder, the distribution between the
two rings being proportioned so that each of them is
stressed equally. It seems to me that by some such
construction it should be possible, if desired, to increase
the speed of any given rotor to a higher value than
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with the present construction, and possibly even to
the safe limit of the rotor teeth. The author mentions
that steel wire is not a suitable material for retaining
the end windings, and that although used in the early
days it has been given up because of the difficulties of
balancing. I assume that this only refers to its use
when wound direct on the windings. The balancing
difficulty could, however, be got over by winding the
wire on a rigid former, preferably of non-magnetic
material, the construction being similar to the wire-
wound gun. If necessary it could also be further
protected by an outside shell (carrying nothing but
its own weight) against burning due to flashing-over
from the stator in the event of a breakdown. With
such a construction it would be quite easy to wind
the steel wire only over the highly stressed parts of
the former, leaving a non-magnetic gap between the
wire and the rotor proper, and yet at the same time
having the advantage of a solid construction right
through. Alternatively, even if the steel wire com-
pletely covered the former it would give a much thinner
magnetic film round the end ring than the ordinary

' \

PIG. D.—Suggested rotor slot with double wedge.

construction, and consequently less magnetic leakage.
The author once told me that manganese bronze was
liable to disintegrate in a peculiar manner under certain
conditions. I rather expected to see some mention
of this in the paper, and I am sure it would be very
useful if he would deal with the point in his reply.
Since so much importance is attached in the paper
to the effect of alternating stresses, I was rather sur-
prised in referring to the specification at the end of
the paper to find that no mention is made of alter-
nating stress tests. In this connection 1 should like
to ask the author to give us his views as to the value
of the impact test. Opinions seem to vary considerably,
as some manufacturers attach considerable importance
to it while others do not use it at all. The suggestion
in the paper that the yield point should be worked
to in calculating factors of safety rather than the
ultimate stress seems logical. I should like, however,
to ask the author whether he considers the yield point
to be as good an indication of the quality of the
material as the ultimate stress, and if so, would he go
so far as to pay practically no attention to the ultimate
stress tests called for in his proposed specification.

Dr. W. Cramp : The author tries to put upon a
scientific basis the questions which should be asked
in a specification, to elicit answers from which the
machines offered may be fairly judged. I agree with
the warning which he sounds concerning disasters
that might possibly occur owing to the neglect of some
small matter ; because it must always be remembered
that a single turbo-generator giving trouble of a serious
nature might not only cause a large amount of damage
but even set the industry back for many years. One
cannot therefore be too careful. With regard to speci-
fications, I can say for my own firm that we try to
put in such clauses as will avoid these accidents, without
specifying details too particularly, because we wish
to leave each maker free to develop on his own lines.
For instance, we try to make it absolutely certain
that we avoid running normally anywhere near the
critical speed. We put in a clause limiting the peri-
pheral speed and also a clause calling for a test at
something like 30 per cent above the normal speed,
and we reserve the right to call for test pieces taken
from any portion of the machine. Even when all
that has been done one still meets with the difficulty
of deciding what material will give the best results
and how to test that material. Factors of safety are
really factors of ignorance, and they are so small now
that we cannot afford to take risks due to material
inferior to that upon which our calculations are based.
It is very interesting to compare the author's remarks
with those of another expert (Mr. Brearley of Sheffield),
who, in a paper read before the Manchester Association
of Engineers just 12 months ago on the subject of
" The Testing of Steel," condemned any reliance upon
the tensile test alone as a criterion. Now Dr. Barclay
in his schedule of particulars to be furnished by manu-
facturers lays particular stress upon the tensile properties
of steel, whereas Mr. Brearley says that the tensile
properties alone are of no use and insists upon the
use of the impact test in conjunction with the yield
point and the maximum stress as the only safe guides.
There are some figures given in the paper by Mr. Brearley
which emphasize this point. They are very striking.
He gives the results obtained from two pieces of steel
taken from the same shaft and shows that while heat
treatment left the tensile test unaltered it increased
the impact figure more than thirty-fold. My point
is then that the impact test should be included as one
of the most important things in the schedule of par-
ticulars furnished by the manufacturer. [Dr. Bar-
clay : The reason I did not put it in is that no steel
maker will supply steel and guarantee that figure. It
is not accepted as a reliable indication of what steel
is.] There are steel makers, I think, who will guarantee
an impact figure provided that we specify the impact
machine to be used. Speaking for ourselves1, in speci-
fying tests, we shall try to enforce a combination of the
two, believing that as a criterion of the true properties
of steel either taken singly is liable to be misleading.
The author lays some stress upon the work being
finished smooth. A very striking example of this
effect also has been given recently by Mr. Brearley.
Tramway axles, which are rough machined, after
they have been submitted to the stress of tramway
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working for some time will break, and if carefully
examined they will be found to have broken along
the very fine thread left by the tool. The weakening
which takes place due to the fine tool-mark is greater
than one would suppose. That leads me to mention
the question of punching out holes as against drilling.
The author points out that a punched hole is very
likely to have its edges distorted and therefore the
whole plate becomes weakened. It has lately been
proved beyond doubt that a plate which is drilled
rapidly or bored rapidly is in as weak a condition
as a plate that has been punched. I have found
abroad that vessels intended for boilers, or for con-
siderable internal pressure, often now have their rivet
holes punched instead of drilled, although every speci-
fication for boilers in this country calls for the holes
to be drilled and not punched. The fact is that if
drilling is done slowly a better result is obtained; but
if done quickly with modern drills it is doubtful whether
the result of drilling is better than punching. In
connection with a paper by Professor Field I have
mentioned the importance of the relationship of slot
depth to slot width, and I will merely refer Dr. Barclay
to this * in connection with his remarks on the subject.
It would be interesting if Dr. Barclay could tell us how
he has arrived at the particulars given in Fig. 3. He
shows there a curve which purports to connect the
diameter of the rotor in inches with the revolutions
per minute. I should like to know whether this
curve is simply the result of a series of practical
designs or whether the limit is the result of some
theoretical consideration. I should like in conclusion
to congratulate the author not only upon the curves
given towards the end of the paper, especially in con-
nection with heat treatment, but also upon the graphic
means he has used to express relationships in other
parts of the paper.

Mr. T. H. M. Swinburne : Referring to those
sections of the paper entitled " The Choice of the Rotor
Steel," and " Specification of Solid Forged Rotor,"
some of the author's remarks would seem to point
in one direction and some in an opposite direction ;
so I would ask whether he would recommend an acid
or a basic process for the production of the steel in
the first instance. Then as to the tests, particularly
for hardness, would not some of the tests adopted
in the manufacture of cutting tools used in the produc-
tion of munitions be admirably suited to the require-
ments ? A third point is : has the author had any
experience of tungsten alloyed with the steel for this
specific purpose ?

Mr. W. Kidd: I am in thorough agreement with
the author in his advocacy of a solid rotor. The built-up
rotor has always appeared to me to be a makeshift,
and now that reliable large forgings suitable for rotors
are commercially obtainable, the built-up rotor is a
poor proposition for machines of high peripheral speed.
Many generator builders in the past seem to have been
rather doubtful about the large forgings, but they are
gaining more confidence now, which is proved by the
fact that most manufacturers now make their large
and small rotors from solid forgings. The author has,

• Journal I.E.E., 1916, vol. 54, p. 183.

with persistence, illustrated that most important fact
that where there is stress there must be strain ; and
consequently due to the reversal of strain in each
revolution, there is bound to be some relative move-
ment between the parts of a built-up rotor. I believe
that the superimposed stresses on the plate type of
rotor are extremely small and within the elastic limit,
but nevertheless the reversal of stress and strain is
there. There is always the risk that due to faulty
workmanship the strain may be greater than was
anticipated, and although a great many machines no
doubt run satisfactorily, in some cases they have
worked loose. I think the question of whether or
not a rotor will work loose is one to which the pur-
chaser should give particular attention. The possibility
of the rotor bursting must of course also be considered,
but such instances are certainly more rare than those
of rotors working loose. The author suggests that
the purchaser should draft his specification in much
greater detail than is done at the present time. ' I do
not agree with him on this point. The design of a
turbo rotor is the work of a specialist, and in the interests
of future progress the designer should be given as free
a hand as possible. It is necessary that the purchaser
should clearly specify his requirements as to rating
and certain other details which may be peculiar to
his site. It is absurd for a purchaser to specify that
the material must be of certain quality and not to
state the maximum stress that may be put upon it.
One is of absolutely no use without the other ; it is
the ratio between the two that is of consequence. I
agree with the author that the purchaser is entitled
to and should state in his specification that full details
of the machine and particulars of the material and
stresses should be supplied with the tender, and
further working drawings should be submitted to
him before any work is put in hand.

Mr. R. J. Roberts : I think we may say that
the paper does not deal with the mechanical construc-
tion of a turbo rotor but rather with the steel to be
used in its construction. The adoption of the solid
rotor, for high speeds especially, is not at all unusual
in these days ; but there is one point which the author
might have mentioned, viz. the question of uniformity
in the steel. CouW this uniformity be tested in any
way in the piece without taking a sample from it ?
I believe the scleroscope is an instrument which might
give the yield point straight away with some degree
of accuracy. On page 482 the author mentions the
discontinuance of the use of the wire bands ; but he
left out a most important consideration, the inequality
of loading upon the band. I think that is the main
reason why the bands have been given up. He also
mentions end bells. Why do engineers call these " end
bells" when they are rings? I think "cap rings"
would be a better name for them. In his curves the
author shows the relationship of stress and diameters
and thickness of rings. I would ask him how these
stresses in the cap rings, or end bells as he calls them,
are computed. Are they computed from the average
hoop stress or from the maximum stress obtaining in
the rings, because the stress in the ring is not a uniform
quantity at all ? In Fig. 20 ho shows a very small
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spigot ring between the steel and bronze. If that
bronze ring were supported upon the end of the rotor
there would occur a very high strees in that spigot
flange. Again in Fig. 23, where the end of the ring is
not supported at the rotor end, the stress that obtains
in that ring is very high at the end nearest to the rotor
where we get a bending stress in the ring which is,
however, not necessarily purely a tensile stress. There
is one point that has not been emphasized at all, namely,
the ventilation and windage of high-speed rotors. On
page 488 the author states that the fan loss is 20 per
cent of the total windage. If that is so I am afraid
he must get a very high windage loss indeed, for the
fan loss on a machine of 5,000 kw., 3,000 r.p.m., 31
inches diameter would be something like 150 kw.
[Dr. Barclay : No, about 24 kw.] It would be inter-
esting to know how the author manages to keep the
fan loss so low, because with a radially bladed fan
the fan loss will be somewhere about 150 kw. if
dimensioned proportionately to Fig. 23.

Professor G. G. Stoney : I agree with what the
author says on page 474 as to the uncertainty of the
critical speed of a laminated rotor ; we are not sure
whether the discs are solid or whether they are loose.
I had a case some time ago in connection with an im-
pulse turbine which ran all right at first but after a
time started to vibrate. We found that the spindle
had been calculated as if the discs were fixed solidly
on the shaft, and that gave a critical speed of 3,600
r.p.m., but if we supposed the discs to be loose the
critical speed was only 2,900 r.p.m. and therefore it
vibrated badly at 3,000 r.p.m. It was sent back to
the works, the discs were taken off, liners were put in,
and the discs shrunk on tight and it now runs all right.
I agree with what the author says about solid rotors
in small sizes being all right, but if they are absolutely
solid we must be careful that the forging is not reduced
too quickly down to the diameter of the spindle ends.
It should be forged in a taper and the extra metal
cut away. I have seen trouble due to this not being
done. The case is rather different in large rotors for
1,500 r.p.m. which might go up to 5-feet diameter. I
feel rather doubtful whether sufficient work can be
put into the ingot in the case of such large diameters ;
but that is entirely a question for the forge masters.
I have seen disastrous results from forgings on which
too little work has been done. If the forging is not
well worked under the hammer or under the press it
is always unreliable. Even when the main body is
forged as a cylinder and put on a spindle as shown
in Fig. 7 I am a little doubtful whether in large sizes
sufficient work can be put on to make it really and
absolutely reliable. The alternative method—I believe
it has been a good deal used in America—of thick
plates bolted together with bolts is a most ingenious
one and I have always felt there was a good deal to
be said for it. The bolts, of course, must be made of
high-grade steel, and they should be turned down in
the middle so as to give equal elasticity all along.
These bolts must be screwed up with sufficient tension,
and if a large factor of safety is allowed it should, to
my mind, make a most reliable rotor. There must
always be sufficient tension on the bolts to keep the

plates solid under all conditions. Thick plates forged
under the press are most reliable. They are forged
from thick blocks to comparatively thin ones and get
a great deal of work put on the material; also the
flow is in the right direction from the centre. I am
inclined to think there is a good deal to be said for
this construction unless the forge masters can guarantee
that there is sufficient work put on very large rotors.

Mr. G. A. Juhlin : The author thinks the turbo-
alternator has been responsible for the attention given
to mechanical details. We should not overlook the
work done by the engineers responsible for the early
waterwheel generators, because the peripheral speeds
of these machines are in many cases comparable with
those of turbo-alternators ; and when we consider
machines such as those for Niagara, which were built
24 years ago, I think it will be realized that considerable
attention must have been paid to mechanical details.
With reference to the laminated versus the solid rotor,
there is one point which I think deserves some con-
sideration. It is general practice to shrink the lamin-
ations on to the shaft with an allowance which will
ensure that the laminations remain tight at the over-
speed. This means that the stress due to the shrinking
allowance will only be increased to a very small extent
when running. This increase, which is due to the
expansion of the shaft caused by centrifugal force, is,
as mentioned, very small, and the stresses at the over-
speed do not therefore increase in the same way as
for the solid rotor. The author states that the bursting
stress in the solid rotor is always lower than the tooth
stress. This statement does not seem clear, as we
have complete control of the tooth stress and can
therefore make it what we wish. Moreover, with
large diameters the bursting stress will be the governing
feature as far as stresses in the rotor body itself are
concerned. The laminated rotor certainly has the
advantage as far as cost is concerned, and, in cases
where the stresses can be kept down so as to leave a
sufficient factor of safety, there is no clear reason for
condemning it. In considering the mechanical features
of high-speed turbo rotors, I think the question of insu-
lation should have figured rather more prominently
than is the case. The author states that there are
great difficulties in keeping the coils from slipping
sideways, no matter how well they may be braced.
I agree with him up to a certain point, but I think he
is unduly pessimistic with reference to this matter.
It is possible by careful making of the coils, and by
efficient bracing, to obviate any side-slipping. Fig. 2
illustrates clearly the pressure on the coils, but ex-
aggerates the conditions as far as side-slip is concerned.
The great pressure on the coils is in my opinion a factor
against displacement, provided they are properly
made and assembled. The latter point is of very
great importance indeed in connection with the stability
of the coils, because when the coils are pressed under
heat and with the coils braced so as to keep the indi-
vidual conductors in position, no difficulties whatever
have been experienced. Referring to the suggestion
made by Mr. Beard to improve the stability of the
coils by dividing them into two portions by means of
a wedge about the middle of the slot, I considered this
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construction some time ago in order to determine
whether any advantage would be obtained in the
amount of copper which could be carried by the rotor.
No advantage will be obtained, however, and I do not
think there is any need to employ this arrangement
to improve the stability. In connection with the
number of slots, the author considers six coils per pole
too many and that a better arrangement is to use less
than this number. This question is of very great
importance, and I do not think the conclusion can be
accepted without some qualification. It is clearly
undesirable to make the number of slots smaller than
is required to obtain a mechanically sound arrangement,
because the output of a given size rotor will be reduced
if a very small number of slots is adopted, and it may
be of interest to state that rotors having 16 slots per
pole, and running at 3,000 r.p.m., have been in satis-
factory operation for about i\ years without the slightest
trouble. One machine was subjected to several dead
short-circuits before leaving the works, and, as no
displacement whatever could be detected, I think one
may safely conclude that the stiffness and stability of
the coils are quite satisfactory, because the conditions
of this test were more severe than will be the case in
actual practice when the inertia of the turbine rotor
will reduce the momentary drop in speed caused by a
short-circuit and therefore also reduce the stresses
thrown on the rotor winding. The influence of the

if very large outputs are to be obtained at 3,000 r.p.m.
In connection with the stresses in the rotor, the author
quite rightly points out the necessity of testing the
material in the direction of the stress. It has been
the practice of the company with which I am associated
to specify tangential and radial test-pieces in addition
to the usual longitudinal ones. Mr. Peck has already
referred to some tests made to determine the condition
of the material in the centre of rotors, and it may be
of interest to give the details of the tests carried out.
The following table gives the results and I think it
will be agreed that these are very satisfactory:—

Test
No.

Rotor Ultimate
Strength Yield Point Elongation

in 2 in.

In. • Lb. per sq. in. ] Lb. per sq. in. ' Per cent
46 ! 76,500 I 39,400 ! 19*01 i !
46 '. 81,400 ' 42,100

40 68,000 33.700

8-o

40 70,000 28,520

1 6 0

Reduction of
Area

Per cent

29*5

I 2 O

I 7 0

I9O

The specification and steel-maker's tests for these
rotors were as follows :—

SPECIFICATION.

Test No.

Longitudinal from shaft end
Tangential from body
Radial from body

Ultimate
Strength

Lb. per sq. in.
75,OOO
75,OOO
75,OOO

Yield Point

Lb. per sq. in.

37.5°°
37.5OO

37.5OO

Elongation ! Reduction :
of Area

Per cent j Per cent
2O*26 ; —

162 5 ! -

Bend

1800

I2O°
9oc

Longitudinal from shaft end

Tangential from body

Radial from body

STEEL-MAKER s

1 and 2
j 3 and 4

1 and 2
1 3 and 4

1 and 2

3 and 4

IESTS.

85,200
82,000

86,400
96,000
85,600
82,400

; 60,000
! 52,000
i 46,800
! 44,000
1 48,000

! 44,800

3 0
3 0
2 6

2 5 5
1 6
2 6

54-8
5°
364
36*4
18-4
44-8

i8oc

1800

172°
(broke

number of slots on the output of a given rotor is shown
in Fig. E and, as will be seen, the output is reduced
when the number of slots is reduced. It is also of
interest to note that it is possible to use approximately
the same size of strap with 32 slots as with 24, because
less depth of slot is necessary to obtain the same heating
when the larger number of slots is employed. These
curves are necessarily approximate, as certain assump-
tions had to be made with regard to the wedges, but
the error if any will be very small. As regards the
diameter, I do not agree with the author that 32 inches
is the maximum, and I have considered a case of a
35-inch rotor, as such a size may have to be adopted

The author recommends that a hole should be bored
through the rotor when alloy steel is used. I think
it is good practice to do so for all large and medium
size rotors whether of carbon or alloy steel, as flaws
are not unknown in carbon steel forgings. It is quite
true that the stress is doubled by boring the hole,
but as we cannot be certain that the material is per-
fectly sound in the centre, we may have the double

• This test piece was machined to 0*25 in. X 0*5 in. and bent round a
0*375 in. pin through 1800. It showed cracks on the outside, but was not
broken.

(1) Test piece annealed before test. Fracture finely crystalline.
(2) Fracture coarsely crystalline.
(3) ditto
(4) ditto
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stress if there should be a small cavity in or near the
centre of the rotor. Moreover, it is preferable to have
the sound and smooth surface obtained by drilling
the hole than the sharp corners likely to be met with
if there should be a flaw in the material. With refer-
ence to forging limits, there seems to be no difficulty
in obtaining rotors up to $j inches diameter from
British steel-makers, and this may not represent the
limit in diameter. The reduction in area given by
one steel-maker for a 57-inch rotor forging was i\ to
1, and it was stated that this would be sufficient to
ensure thorough working of the material. In connection
with the design shown in Fig. 7, it should be pointed out
that the stresses in this type will be very much higher
than in the solid rotor, even with a small hole through
the centre, and that a higher grade material will there-
fore be necessary for rotors running at 1,500 r.p.m. A
diameter of 57 inches is sufficient to enable us to build
units large enough to meet the demand for very large

1

—

^2 slots

2A&£t$

Si

5

6 7 4 5 6
Depth, of slot in. inches

FIG. E.—Curves showing relative output of turbo-alternator
rotors with different numbers and sizes of slots. Tooth
stress constant.

units at 1,500 r.p.m., and there seems to be no imme-
diate need for adopting the construction shown. I
agree with the author that it is of great importance
to avoid abrupt changes of diameters in the shaft.
I do not think the construction shown in Fig. 21 would
recommend itself to any engineer. It is our general
practice to taper the shafts wherever possible in order
to avoid abrupt changes, and in cases where oil throwers
have been required by turbine builders these have
been made loose for the same reason. With regard
to ventilation, the author considers the ideal system
to be radial ducts for the stator and separate axial
ventilation for the rotor. This system is satisfactory
for comparatively short machines, but for long machines
it is inadequate, especially if small air-gaps are adopted.
I quite agree that it is very important to ensure that
the fans on the rotor are properly designed, but I cannot
agree with some of the conclusions as regards design.
I cannot understand the suggestion that the blades
should be curved in a forward direction. In cases

where an involute chamber is used, this arrangement
of the blades is undoubtedly correct, but where a radial
discharge is wanted, as in the case of a turbo-alter-
nator, I do not think it is correct. The result of curving
the blades forward is that the power required to drive
the fans will be increased without any gain in the
volume delivered. It is difficult to understand how
the rotary motion will improve the cooling of the end
connections when it is considered that no greater
amount of air is passed.

I thoroughly endorse the author's opinion that high
over-speed tests are not only unnecessary but also
detrimental because of the possibility of injuring the
insulation by subjecting it to the very high pressures
caused by abnormal over-speeds. The specification
given seems to me to be far too detailed to be suitable
for a purchaser, because it would tie manufacturers
down to narrow limits. Considering some of the
details dealt with, I think it is more important to
specify that the insulation should be as far as possible
non-combustible than non-hygroscopic. With regard
to the thickness, I do not think merely specifying the
thickness will ensure satisfactory results, because there
are many other factors to be considered in conjunction
with the thickness before it is possible to judge as to
whether the insulation is satisfactory. The limit given
for the combined stress in the neck of the journal is
in my opinion too low. Many machines have been
running satisfactorily in service for years with much
higher stress than that suggested by the author, and
there is therefore no good reason for putting such a
low limit on this stress. The author refers to the
pressing of the coils in the slot. It may be of interest
to state that this has for several years been the stan-
dard practice of the company with which I am associated,
and has also been applied to the end winding. It would
be interesting if the author would state whether pressing
has been carried out in practice and what is his experi-
ence with pressed rotors, i.e. if any movements of the
coils have been observed. With regard to the schedule of
stresses, I do not think this will give a fair comparison
of the excellence of different machines unless the method
of calculating the various stresses is also specified.
The question of the wire-wound rotor has been raised
by some speakers. I think it should be made clear
that the greatest difficulty with this type has been
the damage caused to the band through arcs due to
failures of stator windings.

Mr. J. A. Kuyser: The author gives interesting
curves in Figs. 13 to 17 which illustrate the range of
diameters for the different materials that are used in the
construction of the end rings. The first of these curves
gives the maximum diameter for nickel-chrome steel
as 32 inches at 3,000 r.p.m., and in Fig. 3 this diameter
is given for the maximum desirable at 3,000 r.p.m.
I agree that this is for the present time a desirable
maximum, as we can satisfy the present-day require-
ments of the turbine engineers without exceeding this
diameter. It may, however, be necessary to build
larger 3,000-r.p.m. generators in the future : 20,000-kw.
turbines are now being built running at 2,400 r.p.m.
in this country; whilst in Germany 15,000-k.v.a.
3,000-r.p.m. alternators have been built, and we should
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try to beat this figure. In order to increase the present
limits as to diameter we must obtain stronger material
for the end rings. The author mentions 50 tons per
square inch ultimate stress, 40 tons yield point,
18 percent elongation, 50 percent reduction, as physical
properties for chrome-nickel steel. We have obtained
from the United States 31-inch rings of the following
guaranteed properties : Ultimate strength 73 tons per
square inch, yield point 67 tons, elongation 15 per
cent in 2 inch, reduction 45 per cent. These rings
were made of chrome vanadium steel of the cylindrical
type, and were shrunk on to a separate end disc. The
advantage of this type of construction compared with
the construction recommended in the paper is that
the rings can be rolled on a tyre mill. This method
is superior to the method of forging under the press ;
the material is worked more uniformly and the fibres
are stretched in a peripheral direction, which JS the
direction of the maximum stress. These rings will

'. 3 4 5 6 7 6
Depth of slot in inches

1 0

FIG. F.—Total field ampere-turns for 15,000 lb. per sq. in. tooth
stress, 3,000 r.p.m., rotor diameter 35 inches.

allow a diameter of at least 40 inches or a speed of 32,000
feet per minute at 3,000 r.p.m. We have obtained
from British steel-makers a large number of chrome-
nickel steel rings of the following properties : Ultimate
strength 60 tons per square inch, yield point 51 tons
per square inch, elongation 15 per cent in 2 inches,
reduction 45 per cent. These rings can be used up
to at least 35 inches diameter, depending upon the
amount of copper which is used. The next question
is the possibility of increasing the diameter of the core
itself, and I have drawn some curves which illustrate
the possibilities of a carbon steel forging in this respect.
The main point in obtaining a large output from the
rotor at high peripheral speeds is to get as much copper
in the rotor as possible without, exceeding the tooth
stress, bursting stress, and stress in wedge. The tooth
saturation has only a small influence on the total flux,
and has no influence on the operation of the machine.
Fig. F, curve A, shows the amount of copper which
can be accommodated for different sizes of slots ; and
curve B snows the total field ampere-turns. These

curves are based on the two following formulae, which
will be found useful in stress calculations :—

0-42X10-5 ( D N ) ' X a ( i - a ) »
(1) 1 - 6 = S(i-2a)~~ :

(2) Depth of wedge=o8x i o - ' m i D (1— a) N1;

where a=(slot depth)-f-rotor diameter ; 6 = (slot width)
-^slot pitch at base; D=rotor diameter; N=r.p.m. ;

IOOPOO

10 20 30 40
Rotor diameter in. imcUea

FIG. G.—Total field ampere-turns. 32/42 slots ; 3,000 r.p.m. ;
stress 15,000 lb. per sq. in.

S=tooth stress in lb. per square inch; w=slot width;
d=slot depth; all dimensions being in inches. The

k.v.a
30,000

25,000

20,000

15,000

10,000

^.000

1 1 1 1 1 1 I
Curve A. Constant rotor heating.

» B. Constant magnetic
loading on armature.

10 20 30 40
Rotor diameter in inched

• s o

FIG. H.—Approximate k.v.a. output for 100-inch core length.

curves refer to a rotor of 35 inches diameter, and on
this diameter we can obtain 90,000 ampere»turns. If
we determine in the same way the maximum ampere-
turns for other diameters, we can plot Fig. G, which
gives the ampere-turns for different diameters. The
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curve drawn in full takes consideration of all stresses,
whilst the dotted curve takes no consideration of the
bursting stress. A diameter of 45 inches corresponding
to 36,000 feet per minute is the maximum for a solid
steel cylinder without exceeding a safe bursting stress.
In the case of a short rotor, it would be possible to
increase the axial length in the centre of the core to
reduce the bursting stress similar to a de Laval turbine
wheel, and larger diameters could be obtained. A
similar effect could be obtained by cutting some radial
ducts at the periphery. For 40 inches diameter, slots
are permissible which will accommodate the ampere-
turns indicated in Fig. G. The output obtainable,
equal to the product of the maximum ampere-turns
and the magnetic section, is plotted in Fig. H as

only the iron and copper. By omitting the ducts we
can get more copper in the rotor, which offsets the
somewhat higher iron temperature ; also the cost of
machining is reduced. It is of course necessary to
provide a fresh supply of air to the air-gaps, and for
long machines as at present considered, this may be
accomplished as indicated by the arrows in Fig. J.
The air is delivered to the centre of the stator yoke
from a separately-driven fan at a fairly high pressure,
is carried down to the air-gap through the radial ducts,
travels axially over the rotor, and escapes through
the radial ducts of an adjacent section. This principle
was, I believe, first used on a machine built 6 years
ago in this country and was quite successful. The
ventilation of the stator core itself can be taken care

FIG. J.—31,250-k.v.a. 3,000-r.p.m. Turbo-alternator.

kilovolt-amperes for 100 inches core length. The
maximum desirable diameter for a carbon steel forging
taken from this curve is approximately 41 inches.
Any increase above this will reduce the output. For
a diameter of 35 inches we obtain 24,000 k.v.a. per
100 inches of core length, or 31,250 k.v.a. for 132 inches.
I have worked out in detail the mechanical and elec-
trical design for a machine of this size (see Fig. J).
The stresses in the rotor are all below the figure corre-
sponding to the safety factor recommended in the
paper. The bursting stress is very low—11,000 lb.
per square inch. This is due to the fact that there
are no ventilating slots, all the rotor losses being dissi-
pated from the surface at the air-gap and from the
rotor end-connections. Ventilation of the rotor is of
little advantage in machines of a large core length
and a high peripheral speed, as the ventilation benefits

of by radial and axial air streams similar to a system
which has been described before and which has been
used successfully on a large number of machines. This
method of ventilation would allow from an electrical
point of view an indefinite lengthening of the machine ;
by doubling the length and providing more air inlets
the capacity could be doubled without increasing the
iheating. The limit to the length would be the size
of the bearing and the bending stress and twisting
stress in the journal and end of core, and finally the
bending stress in the. centre of the core. In this direc-
tion I believe the present limits are capable of consider-
able extension. There are several large machines now
being built of this general design. The author seems
doubtful of the solid rotor for single-phase machines.
Many single-phase machines have been built in the
United States and in this country with solid rotors of
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which I will mention the following : Several 5,000-k.v.a.
1,500-r.p.m. 25-period machines for the New York,
New Haven & Hartford Railway with solid rotors ; three
11,250-k.v.a. 1,500-r.p.m. 25-period machines for the
Norfolk and Western Railroad with bolted plate rotors ;
a 14,300-k.v.a. 1,500-r.p.m. 25-period machine for
the United Electric Light and Power Company with
a bolted plate rotor. Several 3,000-r.p.m. single-
phase machines of moderate capnc±ty have also been
built in this country with solid rotors. As a matter
of fact, any three-phase machine with a solid rotor will
carry something like two-thirds normal current as
single-phase load even without a damper; whereas a
laminated rotor without damper will develop trouble
if the load is appreciably unbalanced. The author
mentions some cases of magnetic instability due to
insufficient saturation. In this connection I have
known many machines of older design which had no
saturation and no trouble was experienced. Perhaps
the author will give iis some more details of what
actually happened in these cases. In connection with
the safety factor, the author would recommend the
elastic limit as a basis, if this could be more easily
determined. I think the ultimate strength should
also receive consideration. If the material has been
somewhat overstrained above the elastic limit it is not
ruined, but the elastic limit for a subsequent stress is
actually increased, the material having been hardened.
I know of cases where this hardening of the material
through a slight deformation was usefully employed
to increase the shrink-fit pressure of solid rotors shrunk
on a through shaft. In these cases the bore had been
expanded slightly by a large over-speed, and the fit
obtained from such an expanded bore proved consider-
ably superior to a normal shrink fit. The ultimate
strength is more definite than the elastic limit and
gives a basis on which we can judge the maximum
speed at which the rotor would explode; and this
factor of safety between normal speed and explosive
speed is perhaps what we are most interested in. It
has been proposed to use the average of ultimate
strength and yield point as a basis, and this may be
a good compromise. With reference to the bolted-
plate type of construction described by Mr. Field, the
author mentions a case of trouble with a 6,000-kw.
machine. I can say from personal knowledge that
no trouble has been experienced with any of the rotors
built by the Westinghouse Company, and a sa matter
of fact a machine of the size mentioned by the author
has not been built by them. I believe this construction
will have a field for large machines running at 1,800
r.p.m. and very large machines for 1,500 r.p.m.

Dr. S. F. Barclay (communicated reply to dis-
cussions before the Institution and the Yorkshire and
Manchester Local Sections) : In investigating the question
of the critical speed of the unpierced-plate rotor, Mr.
Field assumes that the plates are always in compression.
If this condition obtains, then the critical speed must
be substantially the same as with the solid forging,
since the deflection in the body of the rotor is small
compared with that of the shaft portion. Consequently
any small difference in the deflection of the body of the
rotor has an entirely negligible effect on the critical

VOL. 56.

speed. This circumstance is so obvious that Mr.
Field's proof is unnecessary. Fig. K shows the
deflection curve of a typical 5000-kw. 3000-r.p.m.
solid rotor.

The real problem, as to whether the plates are in
compression or not in the presence of vibration, has
not been dealt with by Mr. Field. My opinion—as
already expressed—is that any vibration of sufficient
magnitude to be appreciable, causing as it must an
elongation of the bolts, must result in the plates losing
their compression, for the reason that the plate area
is so many times greater than the bolt area. With
a 20,000-k.v.a. machine for the speed of i8co r.p.m.
the area of the plates in compression would be frcm
18 to 20 times as great as the area of the bolts in tension.
Thus, in spite of the great initial tension that is applied
to the bolts, a further extension of about 5/icooths
of an inch would result in the plates losing all com-

g Deflection, of t
^ rotor core

FIG. K.—Showing relative deflection of rotor core as compared
with total deflection of whole rotor.

pression. The vibration must be damped, for the
reason that the time period of vibration with the plates
in compression is quite different from that when the
plates lose their compression. These deductions are
in accord with the views put forward by Mr. Field In
his paper (Journal I.E.E., 1916, vol. 54, p. 68) when
he stated and gave reasons in support of his statement
that such a rotor has no true critical speed. It is
to be regretted that he gives no reasons for repudiating
his former views with which I was, and still am, in
agreement. •

To deal with every specific case that may arise would
need the scope of a somewhat lengthy book rather
than that of a paper, and I had to content myself
with reference to a few particular cases and deal with
the remainder in a general way. With the construction
of the cylinder shrunk on a through shaft, extreme
cases may arise when the use of an alloy steel would
be desirable. The objections, to which reference has
been made in the paper, to employ an alloy steel for
a solid forging would not arise with a hollow cylinder
forged on a mandril or with a cylinder from which the
core is trepanned before heat treatment.

34



510 BARCLAY: THE MECHANICAL DESIGN AND SPECIFICATION OF

As explained in the paper, the maximum diameter
of 51 inches for the solid rotor represents the capacity
of most steel-makers' plant and is not an inherent
limitation. For instance, for a 50,000-kw. alternator
at 1,500 r.p.m. I would recommend the use of a solid
rotor having a diameter of about 56 inches. Such a
forging could be made quite satisfactorily by the firm
with which I am associated, and probably by some
other large steel-makers, but no doubt there are many
manufacturers who could not produce such a forging,
weighing as it would about 70 cons. The maximum
stress in such a rotor forging need not exceed one-
eighth of the ultimate strength of the material, and
the construction would therefore be safe in the extreme.
With this high factor of safety it would be entirely
satisfactory for the steel to be in the normalized and
annealed condition, although I would prefer to have
it oil-hardened and tempered for the reasons given in
the paper.

Mr. Field quite properly draws attention to the
complicated nature of the stresses in the end bells.
There is no difficulty, however, in assuming conditions
worse than can arise and in proportioning the end bells
accordingly. In questioning the advisability of regis-
tering the end bell on extensions of the rotor wedges,
Mr. Field has overlooked the great strength of the
wedge extension considered as a cantilever. In the
average case of a 5,000-kw. 3,ooo-r.p.m. rotor, before
the extensions of the slot wedges could take a permanent
set a load of 60 tons would need to be applied to them.
The wedges thus constitute a very excellent register,
and this reasoning is borne out by the uniformly perfect
results that have attended the use of the construction
in a great number of cases.

Mr. Field makes the curious error of assuming that
the permissible stresses for manganese bronze and
nickel-chrome steel that are given in the paper must
necessarily be present. As a matter of fact, the loading
on the two metals at the joint is substantially the same,
and in the absence of resisting influence the stress in
the two must be the same. With equal stress the
manganese bronze must open more than the steel,
and if a narrow lip of metal is tending to prevent the
manganese bronze opening (elastically), then surely
there must be a tendency for the lip to be over-stressed.
I have seen two cases of failure unquestionably due
to this cause.

In his able investigation of the unpierced-plate con-
struction, Mr. Field commits the oversight of apply-
ing Hooke's law as a universal truth, whereas it is
applicable only in the case of an elementary structure.
Thus the extension of the nickel-chrome steel bolts
gives absolutely no indication of the maximum stress
in the bolts. The extension may indicate a low average
stress when the stress in the screw threads may have
reached a dangerous value. As explained in the paper,
the weakness of the construction lies in the screw
thread, and yet Mr. Field makes no reference what-
ever to having investigated the distribution and con-
centration of stress at different parts of the nut and
bolt threads. Fig. L shows the variation in stress
between the top and bottom of the nut which results
from the elastic yielding of the bolt and nut. In

calculating the curve it has been assumed that the
nut and bolt threads have an absolutely accurate
pitch. Consideration, however, must be given to the
enormous importance of having extreme accuracy in
the pitch of the screw threads. Such a small error
as less than half a 1,000th of an inch in the pitch of the
screw thread of the nut as compared with the bolt
could result in the threads being stressed to the break-
ing point when the extension of the bolt is indicating
a bolt stress of only 40,000 lb. per square inch. The
brilliant discovery of Dr. Coker that the intensity of
stress can be made clearly apparent by passing polarized
light through an isotropic material has been applied by
the author to show the distribution and concentration
of stress in screw threads, which is present even with
a perfectly accurate pitch, and the enormous stress
that can be caused by the smallest error in the pitch.

I regret that owing to the present difficulties of
reproducing photographs the results cannot be shown
here, but I would refer Mr. Field to Mr. Stromeyer's

in. screw threads

Tcjp_of

FIG. L.—Distribution of stress in screw threads of nut and
bolt having exactly correct thread pitch.

recent paper on the subject and to the valuable work
carried out by Mr. Rowland of the Technical School,
Leicester.

Mr. Field's statement that with the unpierced-plate
construction there are no initial stresses except in-
tentional stresses, shows that he has not given this
vitally important matter his consideration.

The most important of Mr. Field's interesting re-
marks is that for all outputs at 3,000 r.p.m. he concurs
that the solid rotor represents the best construction.
With larger solid rotors for lower speeds, the stresses
in the forging decrease, until for an output of 50,000
kw. at 1,500 r.p.m. the maximum stress need not exceed
5 tons per square inch. Any competent forge master
would tell Mr. Field that to make a 56-inch diameter
rotor for a maximum stress of 5 tons per square inch
is a simpler matter than to make a 31-inch diameter
rotor for a maximum stress of 10 tons per square inch.
Thus, carrying Mr. Field's own statement to its logical
conclusion, shows his agreement with the construction
he criticizes. Much of the criticism of the solid rotor
is based on lack of knowledge of the rudiments of
metallurgy. Thus Mr. Field makes the statement
that the centre of a large forging is glass-hard—a
statement which every metallurgist knows to be the
exact reverse of the truth. If steel could be cooled
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infinitely quickly from a temperature above the upper
critical range, it would be preserved in its gamma state,
i.e. its hardest state. With a carbon content of the
kind in question such hardness would not be great,
and the steel could be machined and, compared with
glass-hard steels, would be soft indeed. If the steel
could be cooled infinitely slowly from above the upper
critical range, then it would be transformed entirely
into the alpha state, i.e. the softest state in which it
can exist at ordinary temperatures. Thus an oil-
hardened forging varies from a maximum hardness
at the surface to a minimum hardness at the centre.
Further, it must not be overlooked that, after oil-
hardening, the forging is tempered to relieve stress and
to remove any undesirable degree of hardness. The
tempering consists in raising the forging to about
550° C.—the exact temperature depends on the carbon
content—and then allowing it to cool slowly.

Mr. Clough's statement cannot be accepted that,
if high-tensile steel wire is satisfactory, it follows that
steel hardened by cold-rolling must be equally satis-
factory. Cold-working if carried out to any appre-
ciable extent is essentially unsatisfactory, for the
reason given in the paper, viz. that locally the cold-
working may be carried too far and incipient internal

FIG. M.—Internal fractures in cold-drawn wire.

fractures caused. The pull required to draw wire
through the dies is great—greater than the stress to
which it is subjected in service if a satisfactory margin
of safety is provided—and in this way every inch of the
wire is automatically tested and any defect is at once
shown by the wire breaking. With a cold-rolled sheet,
any incipient fractures that may have been caused
cannot be detected, it being impossible to find them
by testing and equally impossible to detect them by
observation, since they are most likely to occur inside
the material. The nature of the minute internal
fractures that may be caused when wire is drawn
are shown in Fig. M. As already explained, if such
a fracture developed in the steel wire, it would break
whilst being drawn. There is the further essential
difference between the two cases that the cold-worked
sheets are annealed at a low temperature, giving rise
to the possibility, with a low carbon content, of rect-
angular brittleness, whereas the wire is not annealed
and has such a composition that rectangular brittleness
cannot occur.

There is no reason why the laminated rotor should
give better cooling than the solid rotor, indeed, having
regard to the fact that the air ducts can always be placed
immediately under the rotor coils, the solid rotor is
really better cooled. By omitting the end-bell support
down to the shaft, the rotor end coils can be much
better exposed to the ventilating air. Such a con-
struction does not appear to be desirable, but better
cooling is undoubtedly obtained, and Mr. Clough's
statement is probably influenced by some difference

of construction of this kind rather than by a direct
comparison of the solid with the laminated rotor.

It is interesting to hear that Mr. Clough has had
such complete success with the construction he employs.
I should like to make it quite clear that I concur that
with either the laminated or the unpierced-plate con-
struction, if properly carried out, the chance of failure
is very small; and if failure were attended by no worse
consequence than the replacement of material, I would
agree that either construction is to be regarded as
satisfactory. As I endeavoured to show in the paper,
however, on account of the enormous forces present,
a failure may be attended by the most dire consequences,
involving even danger to life. For this reason I advocate
the very best construction rather than one that appears
to be good enough.

In reply to Dr. Smith, I have not encountered cases
of rolled sheets being thicker at the centre than at
the edges. There should be no difficulty in producing
sheets of uniform thickness, and it is possible that
the case Dr. Smith cites was due to using rolls of in-
sufficient stiffness. I have seen several instances of
laminated cores being thicker at the bore than else-
where, though not to the extent mentioned by Dr.
Smith, but that was due to the plates having big burrs
round the central hole and, further, to their not having
been assembled in the order in which they were punched.
Dr. Smith's authoritative remarks on the importance
of the correct exciting-coil distribution are very inter-
esting.

Mr. Everest has read into the specification given in
the paper a meaning that it was not meant to convey.
To give a typical specification for the guidance of the
customer's technical adviser is surely not exactly the
same thing as to suggest a hard and fast standardized
construction, as Mr. Everest states. It is outside my
province to deal with the consulting engineer's duties,
but I nevertheless hold the view that in the event of
a turbo-alternator being wrecked, it is probable that
the consulting engineer will be amongst those who
will be interviewed. If the consulting engineer should
feel that one of his duties is reasonably to safeguard his
clients against such a disaster, then it would be neces-
sary for him to issue a specification of the type indicated
and obtain information concerning the stresses and
the quality of the material employed, in the way sug-
gested. The exact form of the specification, of course,
would vary according to the particular design in question,
but the main features of the specification suggested
would apply to all cases. For the consulting engineer
to issue a specification that will ensure sound mechanical
design no more standardizes the design and cripples
the development of high-speed alternators than does
painting the Plimsoll line on the side of a ship stand-
ardize ships and cripple shipbuilding development.

Mr. Everest and several other speakers overlook the
enormous difference between a failure of ordinary
electrical machinery and a failure of a large high-speed
alternator. It is the experience of everybody who
runs electrical plant on a big scale that mechanical
failures do occur from time to time. The percentage
of such failures with good plant is small, and breakdown
usually occurs after years of arduous service. The
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breakdowns cause nothing but relatively small material
damage, and if occurring, as they usually do, after some
years of service, they are more or less taken for granted.
What has to be borne in mind is that a mechanical
failure of a large high-speed alternator will most pro-
bably cause tremendous damage and endanger life,
and therefore cannot be tolerated in any circumstance.
Now the factor of safety with these large high-speed
machines is less than with ordinary machines that
do fail from time to time ; and if such machines are
nevertheless to have superlative excellence, it is obvious
that nothing but the most perfect materials and the
very best design must be employed. Unless the develop-
ment of these high-speed machines is to receive such a
set-back as it would do if even only a very few disasters
take place, I hold that every manufacturer should
adopt the very best construction and not postpone
doing so until he has had some failures. In short, I
do dogmatize, but it is not for any particular design
and only for excellence.

I cannot see that there is anything inconsistent in
the statements that the modern turbo-alternator rotor
is a high-class production and that all designs are not
equally good.

In answer to the other charge of inconsistency that
Mr. Everest makes, I wish to make it clear that a
central hole in either stamping or forging is not ipso
jacto undesirable. It is simply a question of the quality
of the material employed and the stress to which it
will be subjected, and there is nothing inconsistent
in saying that a cold-worked sheet with a central hole
may be unsatisfactory for a particular design and a
hollow high-grade steel cylinder forged on a mandril
may be satisfactory for another design. Further, there
is nothing incompatible in the statement of the well-
known facts that the hoop stress in a cylinder is doubled
by piercing it, and that the hollow cylinder for large
sizes is a desirable construction.

In reply to Mr. Taylor, I agree that with two-pole
machines appreciable saturation can be provided in
the rotor core as well as in the teeth, even with a solid
rotor, but for four-pole designs it is difficult to have
much saturation elsewhere than in the teeth, unless a
core with a central hole is used. Regarding venti-
lation, it is my experience that even a small channel
if it be smooth and if a fairly high air velocity be used,
never becomes choked with dirt. The dirt seems to
accumulate appreciably only where there are pockets
and only where the air velocity is low.

Mr. Selvey's statement that laminated rotors are
used only for very small machines and Mr. Field's
statement that they are of historic interest only, do
not agree with the information given by other speakers.
Further, I understand that some of the very largest
machines now being made have rotors of this type.
I agree with Mr. Selvey that there is something unsatis-
factory in having to stipulate " an approved maker "
for the forgings. Unfortunately, there is no alter-
native unless the customer can send an expert chemist,
metallurgist, and forge master to supervise the whole
of the operations at' the steel works. I endeavoured
to show in the paper that mechanical tests alone may
fail to detect unsatisfactory material. The only real

safeguard is to purchase the steel from a high-class
maker of repute and then to test it exhaustively in
the way suggested.

With the type of end bell advocated in the paper,
there would be no difficulty in placing the holes in
the discs in line with the ducts beneath the windings.
My experience is that dirt does not accumulate in such
ducts to an extent that is detrimental. The real
danger is that the dirt may lodge in the rotor end-
windings, whence it cannot be removed except by
removing the end bells. It is essential that the air
filter should be effective in removing dirt from the
air, and the duty of the filter should be lightened as
much as possible by drawing on the cleanest air avail-
able. Frequently one sees the intake into the filter
placed near ash heaps and coal plant—an arrangement
to be strongly condemned.

In my opinion Mr. Selvey's criticisms of the axially-
ventilated rotor are not well founded. Whether axial
or radial ventilation be employed, there must be a
difference of temperature between the points where
the air enters and leaves the ducts. Such a difference
of temperature is in itself without importance. What
does matter, however, is that the hottest part must
be cool enough; and that result can be effectively
obtained with the axial ventilation. I have apparently
not made my meaning sufficiently clear with regard
to the shape of the fan blades. I meant to point out
simply that the blades should be shaped so that the
air enters without shock, and that the blades should
be radial where the air leaves the fan. The blades
should be curved in that way only, and certainly should
not be bent forward of the radial line where the air
leaves the fan.

In reply to Mr. Shepherd, for any rotor the forge
master is always careful to select an ingot of sufficient
size so that the amount of work that has to be done
on it ensures a thoroughly satisfactory rotor. To
relieve the forging of initial strain, it is thoroughly
annealed after forging, is rough turned before oil-harden-
ing, and finally tempered. As explained in the paper,
the oil-hardening has the maximum effect at the out-
side of the forging and the minimum effect at the
centre ; but for all sizes of rotors so far considered,
i.e. up to 50,000 kw., the condition of the steel at the
centre is quite satisfactory. Further, it is to be remem-
bered that the greatest stresses are located in the teeth
at the part where the oil-hardening has full effect.

Concerning the ventilation of large alternators, there
is no difficulty in arranging for the necessary volume
of cooling air. Water-cooling is very attractive, but
it has its disadvantages. One of the not so obvious
disadvantages is that the cooling water itself has to be
circulated and cooled unless there is a plentiful supply
of clean water available.

In reply to Mr. Hefford, the condition of the steel
in the largest rotors can be fully examined by trepanning
rods from the core. I have had rods removed in this
way from large rotors and find that the tensile strength
and ductility at the centre of the rotor is almost as
good as at the end of the shaft. The crystal size is
somewhat larger at the centre than at the periphery,
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but is still quite satisfactory for the purpose, as would
be expected since the steel there cannot be worse than
in the normalized and annealed condition.

All the turbo-alternators made by the firm with
which I am associated are short-circuited at the ter-
minals on test with entirely satisfactory results. It
is entirely a matter of providing sufficient leakage
reactance to limit the short-circuit current to a reason-
able value and of adequately anchoring the stator
end-connections.

I fully concur with Mr. Hefford that there should
be no need to draw attention to the inadvisability of
punching holes in highly stressed laminations, but
such methods are still employed. In reply to the
question Mr. Hefford very properly raises concerning
the position of the test pieces, whether taken from the
ends or the centre of the core the results are just the
same, since the oil-hardening has full effect at the part
of the greatest stress, i.e. the bottom of the tooth.

My reference to the use of laminated rotors for single-
phase work was meant to be non-committal, since
opinion on the subject is divided. With the solid rotor
the steel offers an excellent path for the flow of the
damping current induced by the pulsating armature
reaction, but some designers hold the view that it is
preferable to confine such currents to the high-con-
ductivity path of the slot wedges. It is my experience
that the solid rotor is entirely satisfactory for such
work and is therefore preferable. For three-phase
work this problem does not arise, since the stator
magnetomotive force revolves synchronously with the
rotor, and varies only in the ratio of *J 3 : 2 and has
a zero third harmonic. For two-phase work the problem
arises in a slight degree, since the armature magneto-
motive force varies in the ratio of 1: J2, and has a
third harmonic equal to 11 per cent of the fundamental.

In reply to Mr. Hefford's criticism of the axially-
ventilated rotor advocated in the paper, it is to be
explained that if any oil vapour should be drawn into
the rotor fan, it does not enter the machine but is
blown into the exhaust. I fully appreciate Mr. Hefford's
reference to this matter, since if oil vapour enters the
machine it tends to assist the retention of dirt. I
invariably provide a close-running seal between the
end casting and the shaft by fitting knife-edged scrapers.

I am inclined to think that the fire described by Mr.
Hefford was caused, not by spontaneous combustion,
but by dirt having bridged across the end connectors
and a local short-circuit having developed. Several
such incidents have come to my notice ; in some cases
the flow of current removed the dirt that caused the
trouble, and after the mishap the insulation both to
earth and between turns was excellent.

In reply to Mr. Campion, forge masters are agreed
that the results are quite satisfactory if the ingot from
which the forging is made has a minimum area double
that of the forging.

The point that Mr. Atkinson raises concerning the
location of the slip-rings is interesting. For a radially
ventilated machine, with or without axial stator
ventilation, I agree that it is preferable to have one
ring at each end. With the axially ventilated rotor,

however, there are advantages in having the two alip-
rings at the end remote from the rotor fan. As already
explained, at the end where the rotor fan is located,
the oil vapour is positively prevented from entering
the machine ; and if the two rings are placed at the
other end the distance between the bearings and
the end casting of the stator is increased and thus the
probability of oil vapour entering at that end is reduced.
Another advantage is that the space required for the
rotor fan and for the extra air passage is roughly equi-
valent to the space required for the slip-rings, and so
the rotor core is symmetrically disposed with regard
to the bearings and the curve of deflection is uniform.
Every engineer must agree with Mr. Atkinson's infor-
mative remarks concerning the need for full consider-
ation of every point of the design of these difficult
high-speed rotors.
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FIG. N.—Showing approximate relationship between output
and power required for ventilating fan.

In reply to Mr. Yerbury, my experience is that
well-dried red fibre is a very satisfactory material
for wedging the rotor end windings. Free moisture
carried over into the alternator is not an infrequent
trouble with wet air filters. In my experience the
most common cause is insufficient margin between
the rated capacity of the filter and the actual volume
of air flowing. Most makers seem to rate the filters
rather high, and if no margin is allowed, the air velocity
may be too great and free moisture be carried over.
With filters of the type that have eliminator plates
on which water is sprayed, it is vitally important to
see that the sprayers do not corrode and that water at
the right pressure is supplied to them. Too much
or too little water on the plates causes free moisture
to be carried over. With spray filters of the type that
has the spray directed into the filter, any corrosion
of the sprayer results in a jet of water rather than a
spray being formed, and so water is carried over and,
further, the air is not properly cleaned. In large
towns and particularly near steel works, there is a
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certain amount of sulphur in the air and, as the water
is used over and over again, sulphuric acid is formed
which attacks the fine edges of the sprayers. One
is apt to overlook the enormous weight of water that
is cleaned by the filter in a week. In the case of an
average 5,000-kw. machine, the weight of air used per
week is fully 6,000 tons. If the water is renewed
only once a week, as is usual, it will be seen what a
small percentage of sulphur in the air can make the
cleansing water actively acid. It is desirable to have
the cleansing water analysed to find if acid is being
formed, and if it is, a sufficient quantity of soda ash
(sodium carbonate) should be added when the clean
water is run in to ensure that the acid formed during
the week will be neutralized.

For machines for small and medium outputs, I am
in favour of having the ventilating fans self-contained
with the rotor ; but for very large machines it may
be desirable to employ a separate fan.

The fan power required varies considerably with
differently designed alternators of a given output.
The approximate relationship between the alternator
output and the fan power required is given in Fig. N.

Mr. Peck's statement that the soundness of the
rotor laminated plates can be determined by inspection
must be very considerably qualified, since such an
inspection would need to include taking micro-sections
at different parts of the plate in order to verify that
the cold-working had not caused incipient internal
fractures. An examination that is restricted to look-
ing at the plate would, of course, be quite useless to
safeguard against the real danger to be met, namely,
internal fracture.

I concur with Mr. Peck's views concerning the em-
ployment of the solid rotor for single-phase work,
which point has been dealt with earlier in my reply.

In reply to Mr. Peck's remarks concerning the speci-
fication given in the paper, I agree that all matter of
detail should be left to the maker, and the consulting
engineer's specification should be limited to ensuring
safety and soundness. Mr. Peck and I are therefore
in agreement as to principle—the detail concerning
which we differ cannot be discussed, since Mr. Peck
makes no specific reference.

The case of the end bells of a turbo-alternator becoming
excessively hot when run on inductive load, as men-
tioned by Mr. Sloan, is very interesting. It would
be difficult, however, to determine the cause in the
absence of information concerning the electrical and
mechanical design. I presume that Mr. Sloan satisfied
himself that the heating was really in the bell and not
in the rotor copper ; the heating would of course be
considerably greater on 70 per cent than on unity
power factor. In criticizing the type of end bell advo-
cated in the paper, Mr. Sloan overlooks the great strength
and stiffness of the extension of the rotor wedges to
which reference has been made earlier in my reply.
Where the radial flange of the suggested end bell joins
the cylindrical portion, there should be a gradual
change of section. As is explained in the paper, the
greatest stress in the bell is at the end remote from
the core, and to be able to strengthen it by adding

the radial flange constitutes a very desirable arrange-
ment.

Mr. Beard's suggestion to supplement the slot wedge
by a similar wedge located half way down the slot
is ingenious, but I believe that difficulties would arise
in practice. I have on various occasions considered
Mr. Beard's other suggestion to use a non-magnetic
material for the end bells reinforced with high-tensile
steel wire. The main difficulty to be faced is the
considerable difference in elastic extension for a given
load between the non-magnetic material of the bell
and the steel wire. Further, reference to the curves
given in the paper will show that even when carrying
nothing but its own weight, the non-magnetic material
can be employed only for quite small rotors.

The point Mr. Beard raises concerning the peculiar
behaviour of manganese bronze under certain con-
ditions was accidentally discovered by me some little
time ago. I found that when a high-grade manganese
bronze was being stressed, if the surface was touched
with a little molten solder, the solder ran into the
solid metal like ink runs into blotting paper. A micro-
examination showed that the solder had flowed in
between the crystals and had almost entirely robbed
the inter-crystalline cement of its strength. Material
that was tough and ductile before being treated in this
way became perfectly brittle. I made experiments
with many different qualities of yellow metal and
found that most of them were not subject at all to the
action, which seemed most liable to occur in cheap
brass and in the highest grade manganese bronze. I
understand that this remarkable quality of certain
yellow metals is not well-known and I should like to
take advantage of this occasion to warn members to
make a careful experiment before employing any yellow
metal that has to be soldered and carry stress.

In reply to another point raised by Mr. Beard, it is
hardly practicable to specify alternating stress tests
since they take a long time to make and such very
different results are secured with different types of
machines. Moreover, for a given composition, if the
steel is sound, as can be verified more readily by other
means, the satisfactory behaviour under alternating
stress would follow as a matter of course.

I will deal with the question of the impact test in
my reply to Dr. Cramp.

In reply to the last question raised by Mr. Beard,
it is my opinion that the ultimate strength of the material
should always be determined, for the reason that although
the yield point should be the basis on which permissible
stress is calculated, yet the relationship between the
ultimate strength and the yield point is a valuable
indication of the condition of the steel. For instance,
a normal nickel-chrome steel that has a yield point
of 40 tons to the square inch has an ultimate strength
of 50 tons to the square inch. If the test showed,
however, that although the yield point was 40 tons,
the ultimate strength was, say, 60 tons, then the manu-
facturer would know at once that there was something
wrong with the steel, which information would not be
forthcoming if the yield point alone had been determined.

In reply to Mr. Beard's question concerning the
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impact tests and to Dr. Cramp's remarks on the same
subject, I will state briefly the present position. The
tensile test is a valuable test in so far as it indicates
the class of the steel and the state of the heat treat-
ment, and the impact test can certainly not be used
in substitution of the tensile tests for obtaining this
information. Where the tensile test fails, however,
is that, in certain abnormal conditions of the steel,
results obtained may indicate that the steel is satis-
factory, whereas really it is not. Dr. Cramp is misled
apparently in thinking that this peculiar behaviour
of steel applies to all steels, whereas such is not the
case. The impact test is not proposed for carbon
steels and is used only for alloy steels and, in particular,
nickel chrome. Although it is generally agreed that
the tensile test fails to indicate certain conditions of
weakness, it is by no means generally agreed that the
impact test satisfactorily meets the case. As Dr.
Cramp points out, when the tensile tests are quite
satisfactory, the impact figure may definitely show
that the steel is unsatisfactory, but what Dr. Cramp
does not state is that a high figure for the impact test
may be obtained when the steel is unsatisfactory. At
the present time, many engineers discredit the impact
test completely, and some manufacturers would not
supply steel that had to comply with such a test.
Further, no one having experience with the impact
test and knowing the very variable readings obtained
would even dream of using it, not as a supplement to,
but in complete substitution of the tensile test. To
the experienced man a study of the fracture that is
caused by impact gives full information as to the
condition of the steel, any inter-crystalline weakness
being clearly apparent. It will be seen, therefore,
that the tensile test has to be specified, and the only
point in doubt between Dr. Cramp and me is as to
whether the impact test in addition should be specified
for the nickel-chrome steel for the end bells. For
the reasons given, it is my opinion that at the present
time it is preferable to specify that the steel should be
broken by impact and the fracture studied, rather
than that the number of foot-pounds required to cause
the fracture should be accepted as the criterion.

I fully agree with Dr. Cramp that plates can be
damaged by drilling them too rapidly, but I can hardly
agree with what Dr. Cramp implies, that since some
drilling is done improperly, all drilling might quite
well be replaced by punching. As to whether a plate
has been damaged or not by the drilling, is fortunately
not a matter that need remain as one of opinion, since
a micro-section will readily demonstrate the extent
of the damage. This interesting subject, however, is
irrelevant to the discussion, since it has not been sug-
gested that drilling shall be substituted for punching,
but that the material damaged by punching shall be
removed.

In answer to Dr. Cramp's question, the curve given
in Fig. 3 is simply the result of a series of practical
designs and does not represent any inherent limitation.

In reply to Mr. Swinburne, the acid process is generally
used for high-grade work in this country. The best
work by the basic process would probably be suitable

for small and medium-size work, but for large rotors
the acid process has undoubted advantages. A great
deal of research and experimental work has been dor.e
with steel having different percentages of tungstens,
but I do not know that such steels have so far been
proposed for work of the kind in question.

In reply to Mr. Kidd, as already mentioned, my
only object in suggesting the specification was to ensure
mechanical soundness and we are therefore substan-
tially in agreement.

In reply to Mr. Roberts, my experience of the sclero-
scope is that it may give very erratic results. The
instrument consists of a small steel weight that is
dropped upon the surface under test, the weight being
kept to a true course by falling down a glass tube.
The lower end of the weight is provided with a sharp
point either of hardened steel or a diamond. The
hardness on the scale of the instrument is measured
by reading off the height of the rebound that is obtained.
The sharp point on the weight actually indents the
surface of the steel under test and thus does a small
amount of work on it. It will be seen, therefore, that
the actual height of the rebound is a function of the
elastic properties of the material under test and of the
material of which the weight is made ; also it is a
function of the frictional resistance between the falling
weight and the guide tube, and further is a function
of the work done in causing the indent. The instrument
thus measures a very complex function of different
properties, and the erratic results that are sometimes
obtained are to be expected. An instrument that is
now being very extensively employed for rapidly
testing metals without having to remove a test piece
from the bulk, is the Brinell machine. With this
machine a given load is applied to a steel ball, the
diameter of the curved indent is measured under a
magnifying glass, and the hardness number is read
from a table. For steels of similar type, the hardness
number determined in this way agrees very closely
with the ultimate stress determined by tensile tests.
By the employment of this machine it is therefore
possible to determine the tensile properties of the steel
at any part of the periphery of the rotor.

Concerning the stresses in the end bells, in calcu-
lating the curves given in the paper the concentration
of the coil loading was taken into account, and also
allowance was made for the concentration of stress at
the inner periphery. For a 5,000-kw. alternator for
3,000 r.p.m. with a 31-inch diameter rotor, the fan
loss would be about 24 kw., and the total windage loss
including the fans would be about 100 to n o kw.

In reply to Professor Stoney, it should be pointed
out that there is no inherent limitation in the size of
ingot that can be cast, and for producing a given rotor
the forge master is careful to see that an ingot is used
of sufficient size to give the necessary reduction of area.
In producing a thoroughly satisfactory forging, the
amount of the forging work that is to be done is impor-
tant, but it must be borne in mind that soundness is
not imparted by the forging process. The vital factor
is that the ingot from which the forging is made must
be sound in the first instance, and the so.undness of the
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ingot in turn is dependent on the care and skill with
which the steel is made. I t is for this reason that ,
in so whole-heartedly advocating the solid rotor, I
nevertheless pointed out the danger of the construction
unless the forging is obtained from a firm of high repute.
Perfection with material of any kind is impossible,
but it is certain that a forging that is produced and
guaranteed by one of our large steel makers is as depend-
able as any material that can be obtained, and more
dependable than most. '

In his remarks concerning the unpierced-plate con-
struction, Professor Stoney overlooks the high and
indeterminate stresses in the screw threads of the
bolts and the great weakness that results thereby.

In reply to Mr. Juhlin, the statement that the bursting
stress in the solid rotor is always lower than the tooth
stress, was based on an examination of actual designs
—in no case that has yet arisen in my experience has
the bursting stress been as great as the tooth stress.
Obviously this is a matter of practice, since by making
the slot shallower the tooth stress could be indefinitely
reduced. With a 50,000-kw. machine a t 1,500 r.p.m.,
the bursting stress is appreciably lower than the tooth
stress. One can hardly agree with Mr. Juhlin's state-
ment that the great pressure on the rotor end coils
is a factor against displacement, since it is only on
account of the pressure that the displacement is
dangerous. fe*

With regard to the number of rotor slots, the problem
as to the best disposition of a given winding—to which
reference was made in the paper—is somewhat different
from the problem to which Mr. Juhlin refers of the
maximum output that can be obtained from a given
rotor. I t is my opinion that displacement of the rotor
end windings will more probably be brought about as
a result of prolonged running than as a consequence
of applying a short-circuit test to the machine. I
disagree with Mr. Juhlin that the conditions are more
severe when an alternator running unloaded and
uncoupled to its turbine is- short-circuited than may
occur in service when the machine is running in parallel
with plant of relatively great capacity. I have seen
many short-circuit tests made on alternators running
fully excited and driven by a motor, but in no case
was there any great fall in speed, and the test under

such conditions cannot impose any great mechanical
duty on the rotor. I concur with Mr. Juhlin's opinion
that a solid rotor of 57 inches diameter can be used for
as large outputs at 1,500 r.p.m. as are at present being
contemplated. The fan design to which Mr. Juhlin
refers has been dealt with earlier in the reply, as also
have his remarks concerning the specification tha t is
given in the paper. Mr. Juhlin's contribution to the
discussion is most interesting and valuable.

With reference to Mr. Kuyser's remarks, it should be
pointed out that nickel-chrome steel is available having
as high a tensile strength as 100 tons to the square
inch, but it is doubtful if it is desirable to employ such
material for end bells.

In writing the paper one of the objects was to en-
deavour to show the maximum diameter of rotor that
it is desirable to employ ; Mr. Kuyser is dealing with
rather a different problem in showing the greatest rotor
diameter that it is possible to employ.

I fully concur with Mr. Kuyser's views concerning
the suitability of the solid rotor for single-phase work,
as is mentioned earlier in the reply. The trouble with
insufficient saturation—to which I refer in the paper
—did not occur with machines of my design and I
regret that I am not a t liberty to give the additional
information for which Mr. Kuyser asks.

Mr. Kuyser's remarks tha t material can be over-
strained without the elastic limit being " ruined " is
not at all clear. Once the material is given a permanent
set, then by definition the elastic limit has been exceeded.
In making his remarks on this subject, Mr. Kuyser is
overlooking tha t local permanent deformation is the
first stage in the process of fatigue failure, and further,
that general deformation would almost certainly be
accompanied by complete loss of balance if not by any
worse happening. Materials must be worked within
the elastic limit, and since, as explained in the paper,
for different materials, the ratio of ultimate strength
to elastic limit varies very considerably, it is clear tha t
the former cannot be taken as a basis for computing
permissible stress. The unpierced-plate rotor which
failed—to which reference is made in the paper—was
constructed in Germany in the early part of 1913 and
was running in Italy at the time of failure. Mr.
Kuyser's remarks are very interesting and informative.




